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Abstract

The increasing precision of Penning-trap experiments requires the development of novel
cooling techniques to cool particles down to their motional ground state. One promising
approach for ions that cannot be laser cooled is sympathetic cooling using a self-cooled elec-
tron cloud. This approach is currently under investigation in the ELCOTRAP experiment
at the Max Planck Institute for Nuclear Physics (MPIK).

In this work, a superconducting By-tuning coil for ELCOTRAP is developed. This coil is
used to shift the frequencies of the trapped electrons, thereby matching them to the cavity
modes generated by the trap electrodes. The simulation shows that a two-coil geometry
is the best option to achieve a strong and homogeneous magnetic field within the given
boundary conditions of the experiment. Additionally, several methods for spot welding
joints between NbTi wires are tested. No significant difference between a direct joint and
a joint performed within a NbTi cylinder is observed. Furthermore, the wire diameter has
no significant influence on the achievable current, which is determined to be over 2.5 A for a
0.5 mm wire diameter and over 1.4 A for a 0.3 mm wire diameter in a zero background field.
Higher currents were not investigated. In an initial test using a 7T background field, the
tested joint lost its superconductivity for reasons that could not be futher investigated due

to time limitations. The other joints were not tested in the strong background field.



Zusammenfassung

Die zunehmende Prézision von Penning-Fallen-Experimenten erfordert die Entwicklung neu-
er Kiithlungstechniken, um Teilchen in ihren Grundzustand zu kiihlen. Ein vielversprechen-
der Ansatz fiir lonen, die nicht lasergekiihlt werden kénnen, ist die sympathetische Kiihlung
mithilfe einer selbstgekiihlten Elektronenwolke. Dieser Ansatz wird aktuell im ELCOTRAP-
Experiment am Mazx-Planck-Institut fiir Kernphysik (MPIK) untersucht.

In dieser Arbeit wird eine supraleitende By-Justierungsspule fiir ELCOTRAP entwickelt.
Diese wird genutzt, um die Frequenzen der gespeicherten Elektronen in Resonanz mit den
Moden des Hohlraumresonators, der von den Fallenelektroden gebildet wird, zu bringen.
Die durchgefiithrten Simulationen zeigen, dass eine Konfiguration aus zwei Spulen am besten
geeignet ist, um ein starkes und homogenes Magnetfeld innerhalb der Falle zu erzeugen. Au-
Berdem werden verschiedene Methoden getestet, um die NbTi-Spule mit dem Punktschweif3-
Verfahren supraleitend zu verbinden. Dabei zeigt sich, dass es keinen signifikanten Unter-
schied macht, ob die Drahte direkt miteinander oder in einer NbTi-Hiilse verschweifit werden.
Auch der Drahtdurchmesser hat keinen entscheidenden Einfluss auf den erreichbaren Strom
der Verbindungen. Ohne Hintergrundfeld wurde fiir einen Drahtdurchmesser von 0.3 mm ein
kritischer Strom I~ von mindestens 1.4 A gemessen, wiahrend fiir einen Durchmesser von
0.5mm I iiber 2.5 A lag. Hohere Strome wurden in dieser Arbeit nicht getestet. In einem
ersten Test in einem Hintergrundfeld von 7T war der getestete Joint nicht supraleitend. Die
Griinde hierfiir konnten aufgrund von mangelnder Zeit nicht weiter untersucht werden. Die

anderen Joints wurden nicht in diesem Hintergrundfeld getestet.
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Chapter

Introduction

The Standard Model of particle physics is one of the great successes of modern physics. It
describes the most fundamental particles and their interactions, and some of its predictions
have been tested to a relative precision of 107! [1]. Central to this context are the masses
of single particles and their magnetic moments, i.e. g-factors, with precise measurements
of both being key ingredients for the most stringent tests of the Standard Model, including
tests of CPT symmetry [2] and quantum electrodynamics [1].

The CPT symmetry is of interest, as it challenges a crucial aspect of the Standard Model.
According to theory, one would expect equal amounts of matter and antimatter to exist [3].
However, in the observable universe, ordinary matter far outweighs antimatter, indicating
that there may be a subtle difference between the two. To verify or disprove this, the men-
tioned measurements of the charge-to-mass ratios or g-factor ratios of e.g. the proton and
the antiproton are necessary. Moreover, exact mass measurements are required in various
fields, such as chemistry (requiring a relative mass precision of dm/m < 107°), astrophysics
(< 1077), and atomic physics (< 10711) [4].

Today, mass measurements and the determination of g-factors are performed using Penning
traps. For the operation of Penning traps, proper cooling of the particles is essential, as
cooling reduces the motional amplitudes of stored particles, thereby minimizing the influ-
ence of field imperfections inside the trap [4]. Additionally, cooling decreases relativistic
shifts, and the particles occupy a smaller thermal phase space [5]. Since these effects inhibit
more precise measurements, effective cooling is crucial for the development of high-precision
Penning-trap experiments. The evolution of precision in Penning traps drives the need for
new, even-better, cooling techniques and the ELCOTRAP experiment is exclusively dedi-
cated to develop and test new cooling techniques.

The ELCOTRAP experiment is a Penning-trap experiment based at the Max Planck Insti-
tute for Nuclear Physics (MPIK) that investigates sympathetic cooling of ions using elec-

trons. In this technique, a stored ion is coupled to a well-cooled electron cloud via image
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currents, allowing the ion to transfer energy to the electron cloud. The electron cloud, that
is in equilibrium with the ambient temperature of 4.2 K due to its cyclotron radiation, in
turn cools the ion.

The electromagnetic cavity formed by the trap gives raise to certain cavity modes and to
realize the coupling and an effective cooling by cyclotron radiation, a fine-tuning of the elec-
tron oscillation present in the trap and the available cavity modes must be achieved.

In this work, a superconducting tuning coil is developed, which is designed to create a mag-
netic field in the trap that can be used to shift the frequencies within the trap and thus,
match them to the cavity modes. The development process includes simulating the optimal
geometry for the coil to achieve the highest possible magnetic field strength and investi-
gating different methods for joining the coil. Although many techniques are presented in
the literature, none of the techniques for joining thin wires have been systematically tested
in a high background field. Therefore, an investigation of gas tungsten arc welding joints
within the 7T magnet of the ELCOTRAP experiment are performed. Additionally, a coil
simulation for a Bs-coil for temperature measurements in Penning traps is conducted and is

presented.

The next chapter provides the theoretical background for this work. Chapter 3 introduces
the ELCOTRAP experiment, followed by a presentation of the coil geometry simulations in
chapter 4. Chapter 5 discusses the results of the performance measurements for different joint
methods and outlines how superconducting joints can be performed and tested. In chapter 6,
the joints are tested in a strong background ficld of 7T. Finally, chapter 7 describes the

manufacturing and implementation of the tuning coil in the ELCOTRAP experiment.



Chapter

Theoretical basics

In the following chapter, the theoretical foundations of this thesis will be presented. This
includes an introduction to Penning traps, methods for measuring the temperature of a
single trapped particle, and a brief overview of superconductors and joints. Additionally,

the basics of magnetic fields and coils are introduced.

2.1 Penning traps

Penning traps are one of many possible designs for trapping particles and are used in a
variety of fields, such as mass measurements [6, 7, 8, 9] or measurements of the magnetic
moment [10, 11]. Due to Earnshaw’s theorem [12], a charged particle cannot be held in
stable equilibrium in either a pure electrostatic or a pure magnetostatic field. Therefore,
a Penning trap combines electrostatic and magnetostatic fields, which then allows for the

storage of charged particles.

2.1.1 The ideal Penning trap

The operation principle of a Penning trap is based on a homogeneous magnetic field B = Byé.
with field strength By, which was arbitrarily chosen to point into the z-direction of the trap.
This leads to a Lorentz force Fy = q (17 X g), that forces a particle with charge ¢ moving

perpendicular to B into a circular orbit in the radial (x/y) plane. The frequency of this

motion is given as
q
we, = — By, 2.1
c m 0 ( )

where m is the particle’s mass. This frequency is called the cyclotron frequency, and the
corresponding circular motion is known as cyclotron motion. However, the particle is still
able to escape in the direction of the magnetic field. To prevent this, a second, electrostatic,

field is applied. This field is created either by a geometry of hyperbolic or cylindrical elec-
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Figure 2.1: (Left) Penning trap with two end cap electrodes and one hyperbolic ring elec-
trode. (Right) Cylindrical configuration to approximate the same potential in
the center of the trap. For this purpose, at least two additional correction
electrodes with an applied voltage Vi are needed.

trodes ([13], [14]), both configurations are shown in figure 2.1. In comparison, cylindrical
electrodes are easier to manufacture and allow access along the z-axis, but require correction
electrodes to create the requested potential. These correction electrodes are placed next to
the end caps, and by applying the correct voltages to them, a tuning ratio can be found that
approximates the potential of the hyperbolic geometry.

With a coefficient C; representing the geometry of the Penning trap and V; being the applied
voltage between the electrodes, the ideal potential that is shown in figure 2.2 reads

d(7) = CuVp <22 — %2> (2.2)

and the corresponding fields are [4]

E, = —g—f =20Voz , E,=CyVipe,. (2.3)

The combination of axial confinement from the electrostatic potential and radial confinement
due to the Lorentz force now enables the trapping of particles, where the equation of motion

(EOM) is now given by

T Y
mé’zq(ﬁ-l—ﬁXé) zq(—ﬁiﬁ—l-f)’x E) =qCW | vy | +qBo| -2 |- (2.4)
—2z 0

For this EOM, the z-component can be readily solved and leads to a harmonic oscillator

w, = 1/ 220N (2.5)
m

with axial frequency
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Figure 2.2: Electrostatic potential for axial confinement. One can see that the potential is
confining in the 2-direction, and therefore prevents the particles from escaping
in that direction. In p-direction the potential is anti-confining and only the
combination with the radial-confining Lorentz force enables the trapping.

To solve the remaining two coupled equations, one introduces the complex variable

u(t) = z(t) + iy(t) [15], resulting in harmonic oscillators with eigenfrequencies

oN

20V

We w

w2
=Y e Y 2.
“-=5 14 2 By (2:6)
We w? w2 OAY)
S Y T , 2.
W= Ty Ty BT g (2.7)

namely the magnetron (w_) and the modified cyclotron frequency (w) [16].
Together, the three oscillators perform a combined motion shown in figure 2.3, where several
relations hold between the individual motions. By demanding that the expression under the
square root must remain positive, since only then a stable trapping is possible, a typical
hierarchy emerges: w_ < w, < w; < w.. Combining equation (2.6) and equation (2.7), one
sees that

Ww_ +wy = w, (2.8)

but this equation only holds in ideal Penning traps. In real Penning traps, the Brown-

Gabrielse-invariance theorem connects the single modes [17]

w? 4+ w? +w? =Wl (2.9)

)
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Figure 2.3: Combined motion in a Penning trap. The black line represents the real motion
in the trap, created from a superposition of the three eigenmotions: The axial
(w,), the magnetron (w_) and the modified cyclotron motion (w.).

By measuring the eigenfrequencies of the particle, for example with resonant electronic
circuits described in section 2.1.5, and using this theorem, it is possible to determine the

free cyclotron frequency, which is needed for mass or g-factor measurements.

2.1.2 The real Penning trap

In real Penning traps, several factors contribute to deviations from the ideal case, causing
frequency offsets, energy-dependent frequency shifts, and coupling of the modes [18]. The
main contributions are particle interactions, when more than one particle is present in the
trap [4], misalignment between E and B as well as electric and magnetic field imperfections
[19]. Since only magnetic field imperfections are relevant in this thesis, they are discussed
below. Besides these effects, there are several other shifts resulting from relativistic shifts
[5], field drifts [16] and image charge shifts [20], which will not be further discussed in the
scope of this thesis. A theoretical treatment of these shifts can be found in [5] and [21].

6
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Magnetic field imperfections: In a superconducting magnet, both temporal and spatial
imperfections can occur, primarily due to inhomogeneities of the magnet itself and the
magnetization of materials within the Penning trap [4, 19]. Temporal instability arises
from factors such as temperature and pressure fluctuations, flux creep, or the influence
of nearby ferromagnetic or paramagnetic materials [4]. Especially during measurements
conducted over extended periods, such as testing the stability of a superconducting joint,
these instabilities must be considered. On the other hand, spatial imperfections stem from
sub-optimal shimming, which can be mitigated through improved shimming techniques.

All these imperfections lead to deviations from a homogencous field and can be expressed in

a power series along the z-axis around zy = 0,
B.(2) = By + Byz + By + ... (2.10)

The linear term does not affect the eigenfrequencies of the particle to first order, while the
quadratic distortion results in a frequency shift that depends on the energy in the modified
cyclotron motion £, given by [17]

E, B,

Aw, = —. 2.11
w mw, By ( )

How this shift can be used to measure the temperature of a trapped particle is explained

later on. An overview of other shifts present in the trap can be found in [22].

2.1.3 Coupling of the modes

Coupling the individual modes to cool particles in a Penning trap is a crucial technique,
that will be explained in the following section. Additionally, manipulating the eigenmotions
of the particles is essential in this context and will also be introduced. To accomplish either
a coupling or an excitation, a radio frequency (RF) signal is applied to the electrodes of the
trap [22].

Dipolar excitation: Dipolar radiation can be used to excite individual modes. The ir-
radiation of such a dipolar field with field strength FEj, a polarization vector ¢;, and with a

non-zero component in the direction of the motion,
E(t) = Eysin(wt + ¢)é; (2.12)

is realized by applying an appropriate sinusoidal RF voltage to the electrodes. The frequency

w must match one of the eigenfrequencies wy. . to excite the corresponding eigenmotion. For

7
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U

(Left) Two ring electrodes to irradiate a dipolar field by applying a voltage
to opposite ring segments. (Right) A split electrode design is used to inject
a quadrupole field by applying a radiofrequency signal between each pair of
opposite segments in the four-fold segmented ring. This configuration allows
for precise manipulation of the particle’s motion within the trap by generating
the desired quadrupole potential. (adapted from [4])

the excitation of the axial mode, a suitable dipolar excitation field is created by applying the
RF voltage to the end cap electrodes, or, if present, to the correction electrodes. Manipula-
tion of the radial motions is achieved with ring segment electrodes, as shown in figure 2.4.
Increasing the amplitude of an individual motion can be used to eliminate unwanted ions by

bursting them away.

Quadrupol excitation and coupling: Applying an RF voltage to one quadrant of a
radially split electrode, as shown in figure 2.4, creates a quadrupolar field within the trap,
that can be used to either purely couple specific eigenmotions of the particle or to couple
the eigenmotions and excite them. To do so, a frequency matching the sideband, which is
the sum or the difference of two eigenmotions, has to be chosen. In this case, a process
analogous to Rabi oscillation occurs, and the actions of the eigenmotions are exchanged at
half of the modified Rabi frequency [23],

0 =4/02+ 68, (2.13)

where ¢ is the detuning from the true sideband and €2 is the Rabi-frquency in the Penning
trap. For axial-radial coupling this frequency is given by

Q= __abo (2.14)

2m. /Wy
with Ej being the field strength. A pure oscillation involves the transfer of energy back and
forth between different motions. In this case, the two motions are in the same Landau level
[24]. Whereas, coupling and excitation involve the transfer of energy between modes and

the excitation of individual modes.
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The applied field is given by
E(t) = Eosin(Weouplel + ¢)(2:6; + x;6}). (2.15)

Depending on the choice of weouple One gets either a pure coupling or an excitation and
coupling. In [22] and [25] an overview of the effects for different RF sidebands is given.
The realization of the coupling of the axial and modified cyclotron motion is one crucial part
of ELCOTRAP, and the difficulties of that are outlined in section 3.2.

2.1.4 Temperature measurements in Penning traps

The first goal of this thesis is to develop a Bs-coil for temperature measurements within a
Penning trap. This so-called magnetic bottle is one of many techniques to determine the
temperature of a trapped particle. Following, a brief overview of additional methods for
temperature measurement will be provided.
The first problem in this context is that temperature is usually only defined for large en-
sembles of particles. However, it is still possible to apply the concept of temperature to
individual particles under certain conditions [26]. In Penning traps, the energy of the differ-
ent motions is given by their amplitude p; and frequency w;. If now the system is ergodic,
meaning that a time average and an ensemble average arce the same, the temperature can
be determined by a consecutive measurement of the energy over a certain time interval [26].
This is the case when the system is in thermal equilibrium with a heat bath. For example,
the detection electronics for ions or black-body radiation for electrons are such heat baths.
Two other ways for a temperature measurement are outlined in [26], where the temperature
of an ion attached to the detection electronics can be obtained by measuring the noise of
the electronics and in [27], where the “Fluorescence Lineshape” is presented.
However, the most common way for temperature measurements is with magnetic bottles, as
described in [22] or [26]. A magnetic bottle involves a Bs-field in the Penning trap. The
energy associated with the modified cyclotron motion is directly related to this field via
equation (2.11).
So if By is known and the axial frequency w, is measured, the energy can be obtained by in-
troducing the particle into a Bo-field of known strength and measuring w, again. In this way,
the cyclotron temperature can be obtained. To determine the axial temperature, one has
to couple the axial to the modified cyclotron motion. Due to the coupling, both oscillations
have the same quantum number [22] and therefore the energies are related via

E, FE,

=2 2.16
o o (2.16)
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RLC thermal noise Peak Dip

Noise density

H
WR WR WR Frequency

Sketch of recorded signals during the particle detection. (Left) Recorded noise
of the resonator without a particle. The maximum is at the resonance frequency
of the circuit. (Middle) Uncooled (“hot”) particle in the trap. If the particle’s
frequency is in resonance with the resonator’s resonance frequency, it appears
as a peak according to equation (2.20). (Right) A particle in equilibrium with
the resonator (“cold” particle) can be modeled as a short, and therefore creates
a dip in the noise spectrum. (adapted from [22])

So the axial temperature is
(Bz) _ (E}) w,
T, = = —. 2.17
kB k?B W4 ( )

The drawback of this method is that most applications require a highly homogeneous mag-

netic field, which conflicts with the presence of Bs-inhomogeneity.

2.1.5 Particle detection in Penning traps

To test the produced joints within a strong background field, they must be placed inside the
magnet of the ELCOTRAP experiment. This magnetic field is approximately 7T, making
conventional magnetic sensors ineffective in this environment. However, the joints can be
tested using a stored ion and measuring frequency shifts in its motions. For this, a coil,
containing the joint to be tested, is wrapped around the trap chamber, creating an addi-
tional B-field. If the joint enables a persistent mode, the frequency of the trapped particle
should shift compared to the case without the test coil. This shift should be, within the
scope of measurement accuracy, constant. To measure this shift, the Fourier Transform Ion
Cyclotron Resonance (FT-ICR) technique is used. The following description of this method
is based on [23], [28] and [29].

Induced image current: A particle with charge g performing a harmonic oscillation along

the z-axis with frequency w, and amplitude Z; induces an image current

qZOWz
eff

Iing = sin(w,t) (2.18)

10
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Detection circuit for frequency measurements within Penning traps. The res-
onator consists of an inductor L connected to the electrodes of the Penning
trap, the parasitic capacitance of the trap C and a resistor R made up by the
Ohmic losses. Next to the circuit is an amplifier connected.

in the electrodes of the Penning trap [30]. Here, Dog is the effective electrode distance, for
which a value is derived in [23]. Unfortunately, these currents are on the order of a few

femtoamperes (fA), and therefore, too small to be measured directly.

LCR-circuit: However, these small currents can be amplified using an LCR circuit and
a cryogenic amplifier. The LCR-circuit can be created by connecting an inductor with
inductance L to the electrodes. Together with the parasitic capacitance of the trap and the
Ohmic losses, which can be modeled as a resistor R, the LCR circuit is formed. A sketch of
this setup is shown in figure 2.6.

The voltage drop across this circuit is directly related to the impedance of the circuit, given
by

Zrer(w) = (R + (iwLl) ™' +iwC) ™! (2.19)
1

6 —t (1 B ‘*’LCR)

where wrcr = (LC) /2 is the resonance frequency and Q = R/(wrcrL) is the quality factor.

— Uina(w) =1 -wL

(2.20)

The maximum voltage occurs when the particle’s frequency w matches the resonance fre-
quency of the circuit, leaving only the real valued impedance R. To match the two frequen-
cies, the trap potential V; in equation (2.5) can be varied, adjusting w, to the resonance

frequency.

Detector feedback: At resonance, the voltage drop across the resonator produces an

additional electric field inside the trap. This creates a counteracting force that damps the

11
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Equivalent circuit for a particle in thermal equilibrium with the resonator. In
this case, the particle can be modeled as a tank circuit with capacity Lparticle
and inductance Cparticle-

particle’s oscillation. For the z-direction, the force reads

q

F = —Eq = _D_eff DQH Z,

(2.21)

and must be included in the EOM (2.4). The solution is z = Zye™, where ) is given by

r . 2

with the damping factor [' = CZier

This damping allows energy to be transferred from the axial motion to the resonator until
an equilibrium between damping and driving from the noise of the resonator is reached.
This method is known as resistive cooling, and a more detailed treatment can be found in
[23] and [28]. By coupling different motions, this technique can also be used to cool other

motions besides the axial motion.

Equivalent circuit: Once the ion and the resonator reach the equilibrium temperature,

the ion can be modeled as a tank circuit [31], with

q2

TR
mw?2D g2

mDeﬁQ
Lparticle = 2 and C’particle =

(2.23)

A schematic of the equivalent circuit is shown in figure 2.7. This LC-circuit acts as a short
when approaching w,, leading to a dip in the resonator’s noise spectrum. This dip allows for
the detection of the ion’s motion by fitting an appropriate physical model to the dip, and an
example of such a dip is shown in figure 2.5. The width of this dip can be used to determine

the number of trapped particles [23], and it has a Lorentzian lineshape [28].
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2.2. SUPERCONDUCTORS

Properties of some superconductors. The uncertainty in NbTi and NbsSn is due
to different alloy ratios. All values taken from [36].

Material | T / K Be /T
Pb 7.196 0.08
Al 1.175 0.01
Nb;Sn ~ 18 | ~23—-29
NbTi ~10 | ~ 10— 13

2.2 Superconductors

2.2.1 Basic properties

In cryogenic experiments, using superconducting coils is essential, as even the best conven-
tional conductors would result in high Ohmic dissipation and significant heating.
Superconductivity is a phenomena discovered back in 1911 [32], describing the properties of
certain materials below a critical temperature 1. Below this threshold, the electrical resis-
tance of superconductors vanishes and the magnetic field is expelled from the material [33],
meaning that superconductors are perfect electric conductors and ideal diamagnets. Besides
the critical temperature, the critical magnetic field B¢ and the critical current density jo are
important quantities of superconductors. B¢ represents the critical magnetic field strength
at which a superconductor transitions to a normal conducting state, while jo denotes the
critical current density at which this transition occurs [33].

Superconductors are classified into type I and type II. While type I superconductors are typ-
ically pure metals, like lead or mercury, that completely expel magnetic fields until the crit-
ical value B¢ is reached, type II superconductors [34], such as alloys like niobium—titanium
(NbT1i), exhibit an intermediate phase where both ordinary and superconducting phase coex-
ist. Table 2.1 lists some examples of the critical magnetic fields and critical temperatures for
different superconductors. To verify if a material is superconducting, one can use either the
MeiBner-Ochsenfeld effect [35] or measure the magnetic field created by a superconducting
coil, as this field should remain constant due to the lack of losses. Once a current is injected
in a closed loop, the current in the loop should remain constant over time even after the

power supply is turned off and hence, this operation state is named persistent current mode.

Most type I superconductors have a too low critical B-field for our operational needs, so
an alloy is required. For example, NbTi is a suitable material for our operations in a 77T
field, as shown in table 2.1. Compared to Nb3Sn, NbTi is more mechanically deformable
and therefore better suited for the production of a coil. According to [37], NbTi also has
an excellent critical current density jo of over lkA/me. Most superconducting wires
are manufactured by placing the superconducting strand within a surrounding matrix. A

schematic of the cross-section of such a wire is shown in figure 2.8. The insulation ensures
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Formvar Insulation

Copper matrix

NbTi single strand

0

Figure 2.8: Cross-section of a superconducting wire. The NbTi strand is surrounded by a
copper matrix and a formvar insulation.

that no shorts appear, while the copper matrix provides good thermal coupling and gives

mechanical strength, stabilization, and protection.

2.2.2 Joints between superconductors

For a persistent current mode operation, the two ends of the wire must be connected with
a joint, such that the joining area is also superconducting and stays superconducting in a
background field of 7T. Additionally, the joint should have a high critical current density
to maximize the critical current, thereby ensuring a strong magnetic field.

Superconductors have a broad range of applications, leading to the development of many
techniques for creating joints, as reviewed in [38]. The following two examples could be used
with the facilities at the MPIK.

The first method is the solder matrix replacement [39, 40]. The advantage of this is its easy
handling. However, the problem with this technique is the low critical B-field of the solders.
Depending on the exact composition, the critical field can reach only up to ~ 2T [39, 41].
Another method, described in [42], is cold pressing. In this technique, the strains are pressed
together with a high pressure to bring them close together. Once the distance between the
two components is only a few Angstrom, the electrons of both are shared, resulting in a bond,
and therefore in a weld. Unfortunately, there is very little research regarding the properties
of cold-pressed joints, particularly for operation in high background fields. Other techniques
include electromagnetic forming [43], resistive welding [44], and supersonic welding [45].
For this work, the method of spot welding [46] was chosen because all the necessary tools
for this procedure were available, and it demonstrated good results in previous experiments,
for example in reference [47]. In this method, the two single strands are spot welded using
an argon-ion arc-discharge spot welder (Lampert, PUK-5), thereby creating the supercon-

ducting joint. The steps are:

1. Removing insulation mechanically
2. Etching the copper matrix with nitric acid

3. Cleaning bare filaments with ethanol and water
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2.3. MAGNETIC FIELDS AND COILS

4. Twisting filaments and performing the weld

The difficulties and specific settings are explained in chapter 5.

2.3 Magnetic fields and coils

The magnetic field generated by a steady electric current can be calculated using the Biot-
Savart law [48],

Ho [
dB(r) = —Idl =
()= Gl x =
> Ho 20 F_F /
<—>Br=—/ ) X ————dV’, 2.24
)= [T x5 (2:24)

where ; is the current density and 7 is the position of the conductor. For a single loop with

radius R along the z-axis, the magnetic field along the z-axis is given by

ol R?

B.(z) = 2 (R?+ 22)3/2

(2.25)

Starting from this equation, the field of a coil can be approximated as a superposition of the
fields from multiple loops placed along an axis. If the expansion of the coil is small compared

to the distance at which the field is evaluated, a good approximation is

B NIU()[ R2

B ot = B.(2) 2 (R2+ 22)3/%

(2.26)

where N is the number of windings.

Given that formula, different geometries for special requests can be found. For a homoge-
neous magnetic field, which is required for a constant frequency shift within the trap, the
most common choice is the Helmholtz coil. In this configuration, two coils of radii R are
placed at a distance d = R, because at this distance the second derivative of equation (2.25),
By, vanishes, making the field homogeneous. The first derivative vanishes anyway due to
symmetry. However, other designs with more coils are possible for generating higher-order
homogeneities. In general, with n pairs of coils (2n — 1) derivatives can be set to zero, be-
cause that is the number of free variables [49]. For example, with two pairs of coils, there are
three parameters uy, us that are the ratios of the diameter of the coils and their distance and
the ratio of the coil radii p = R;/Ry. Some possible configurations are shown in figure 2.9
and the ratios are presented in table 2.2.

The problem with these configurations is the approximation in equation (2.26). This is

not valid for our given setup with dimensions on the order of R.,; ~ 15 mm, coil thickness
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Helmholtz Maxwell Braunbek

1 LU

: . |l

Figure 2.9: Overview of some possible configurations to create a homogeneous magnetic
field

t ~ 5mm, and coil distances d ~ 15 mm. Consequently, the B-field has to be calculated as a
superposition of equation (2.25). This term does not have a calculable solution for vanishing
derivatives, thus the best configuration has to be found using an optimizer. The concrete

steps are presented in chapter 4.

Table 2.2: Overview of ratios for different configurations to create homogeneous magnetic

fields.
Name # Coils Ratios Reference
Helmholtz 2 R=d
R, = (4/71)'* R,
Maxwell 3 d=(3/7)"/*R; [50]
I, =64/491,

p=R;/R, =1.309

Braunbek 4 do/ R, = 1.107 [49]
d;/R; = 0.278
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Chapter

The ELCOTRAP experiment

The ELCOTRAP (Electron Cooling Trap) is a Penning-trap experiment at the MPIK de-
signed to investigate a novel cooling technique for Penning traps, as the increasing precision
within Penning-trap experiments drives the need for new methods to reach temperatures
near 0 K. As outlined in chapter 1, a sufficient cooling is necessary to reduce the uncertain-
ties in the measurements and increase the accuracy of Penning-trap measurements. There
are several cooling methods used in other Penning-trap experiments, like laser cooling [51],
buffer gas cooling [52, 53], resistive cooling [54, 55] or evaporative cooling [56]. Below, the
for this thesis relevant components and the basic idea of ELCOTRAP are presented.

In the ELCOTRAP experiment, particles are cooled using an electron cloud. The primary
focus of this setup is not on achieving the highest possible precision, but on testing the prin-
ciple of sympathetic cooling of ions with cold electrons. To facilitate this, a design, shown in
figure 3.1, has been chosen that allows for rapid iteration cycles. The entire setup is enclosed
within a 7T magnet, in which the Penning trap and electronics are housed. Thanks to the
horizontal bore, the experiment can be easily inserted into or extracted from the magnet
using linear rails. Additionally, the entire setup can be cooled down to 4K in less than

12 hours, further enabling quick iteration cycles.

3.1 Sympathetic cooling of ions via cold electrons

In the ELCOTRAP setup, two Penning traps are positioned adjacent to each other. The
first trap confines an electron cloud, while the second trap stores the ion that is to be cooled.
Since the axial eigenfrequency w, of a stored electron in a Penning trap is in the same order
of magnitude as the cyclotron frequency w, of an ion in a Penning trap, the two species can
be coupled, enabling sympathetic cooling of the ion by the electrons. The exact frequencies
of ELCOTRAP for a specific applied voltage are shown in table 3.1.

The self-cooling of the electrons is caused by their emission of cyclotron radiation.
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CHAPTER 3. THE ELCOTRAP EXPERIMENT

Figure 3.1: Setup of the ELCOTRAP experiment. In the center one can see the trap
chamber mounted on a rail system allowing fast iteration cycles. The whole
setup is cooled to 4.2 K.

This radiative cooling leads to a power dissipation [57]

dt Clio

(3.1)

where oy is the Thomson cross-section, B is the applied field and v the particle’s velocity.
The cooling rate for the cyclotron motion is

2,,2
e wy

T+ = (3:2)

3megmecd’

corresponding to a cooling time of 7. = 27/y = 331 ms. Via this cooling, the electron’s
cyclotron motion can cool down to the ambient temperature, which is ideally 4.2 K. This
cooling rate can further be enhanced using the Purcell effect [58] and as a result, the mod-
ified cyclotron motion is rapidly well cooled to =~ 4.2 K. Using the coupling introduced in
section 2.1.3 the axial motion can now be cooled to the same quantum state by coupling the
axial mode to the cyclotron mode with an RF field. Assuming the axial mode is cooled to

4.2 K, it can be coupled to the ion’s cyclotron motion in the other Penning trap through an
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3.2. COUPLING OF THE MODES IN ELCOTRAP

- e~ Axial
Ambient temperature Cyclotron S detren Sideband Image lon Cyclotron
e Y+/2m = 95 Hz - Vz/21 = 47 Hz )
radiation 7. = AR coupling T 0.5 mK current T, = 0.5 mK (ideally)
+ = *- =0.

Flow chart of the couplings in the ELCOTRAP experiment. Each arrow indi-
cates that the two boxes left and right are in equilibrium due to the process
mentioned in the arrow.

Frequencies in the ELCOTRAP setup. The applied voltage at the electron trap
is here Uy = 5.6V and Uy = —7.5V at the ion trap.

w, / Hz wy / Hz w_ / Hz
Electron trap | 2w -27.32-10° | 27 -197.48 - 10° | 27 - 1890.01
Ton trap 27 -523.33-10% | 27 -54.18 - 10° | 27 - 2527.55

image current. For this, an electrical connection between an axial-sensitive electrode of the
electron trap (ET) and a cyclotron-sensitive electrode of the ion trap (IT) is realized. This
could for example mean to couple the end caps of the ET to a split ring electrode of the
IT. As for the axial and the cyclotron motion of the electron, this means the ion’s cyclotron
motion is in the same Landau level [24] as the cyclotron motion of the electron. The full

coupling scheme with the relevant values is shown in figure 3.2.

3.2 Coupling of the modes in ELCOTRAP

Looking at the coupling scheme in figure 3.2 and the frequencies in table 3.1, it is evident
that the coupling between the axial and cyclotron frequencies of the electrons in the ET
must be achieved using a sideband frequency in the order of 200 GHz. This corresponds to
a wavelength of approximately 1.5 mm, which is smaller than the typical trap dimensions.
Thus, the full electromagnetic wave picture must be considered when modeling the coupling
field and the cyclotron radiation.

The electrodes of the Penning trap form an electromagnetic cavity, giving rise to specific
cavity modes within the trap. These cavity modes are standing waves that either have a
maximum or a node at the trap center [59]. Microwave cavities like these behave similarly
to resonant circuits, meaning the cavity has certain resonant frequencies. If the cyclotron
frequency is near resonance with a cavity mode, the spontaneous emission of cyclotron radi-
ation is enhanced, allowing for faster cooling times to be achieved [60]. This is the Purcell
effect mentioned in section 3.1. In addition to that, the sideband frequency must match

a cavity mode to couple the axial and the modified cyclotron motion, thus achieving a
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£\
-

Tuning-coil

Penning trap
Electron source

Microwave waveguide

Figure 3.3: Design of the ET of ELCOTRAP. At the top of the setup, one can see the
piezoelectric motor. Below located is the cylindrical Penning trap, which con-
sists of a ring electrode, two correction electrodes and two end cap electrodes.
One of the end cap electrodes also houses the microwave waveguide, used to
inject microwaves into the trap. The trapped electrons are produced adjacent
to the trap using an electron source.

sufficient axial cooling rate ~,.

To accomplish that, the cavity modes in ELCOTRAP are adjusted using a piezoelectric
motor, which can modify the trap dimensions and, consequently, the cavity modes. Fur-
thermore, the cyclotron motion can be manipulated by altering the B-field according to
equation (2.1). This B-field is generated by the superconducting tuning coil developed in
this work. By fine-tuning both the sideband and cyclotron frequency to resonate with the
cavity modes, sufficient cooling of the electron’s axial mode can be achieved [17]. Finally,
the now well-cooled axial mode of the electron can be coupled to the cyclotron mode of the

ion.

3.3 Design of the electron trap

In the development process of the ELCOTRAP experiment, the first step is to design and
manufacture the ET and check if proper cooling of the axial motion of the electrons can be
achieved. Therefore, a design must be chosen that meets all the requirements to effectively
couple the axial and cyclotron motions and achieve a sufficient cooling rate via cyclotron
radiation. The design of the ET is shown in figure 3.3.

It consists of a piezoelectric motor that presses against one of the endcaps. In this way, the
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3.3. DESIGN OF THE ELECTRON TRAP

trap dimensions, and thus the cavity modes present in the trap, can be adjusted. The piezo
motor has a resolution of 5nm and a travel range of 12 mm, though only a few hundred pm
of this range are used. Below the piezo is the cylindrical Penning trap, which consists of five
electrodes: one ring electrode, two correction electrodes, and two endcap electrodes. One of
the endcap electrodes also houses the microwave waveguide, used to inject microwaves into
the trap. These can be used to couple the modes of the trapped electrons. Surrounding the
other four electrodes is the By-tuning coil developed in this work. As mentioned, this coil
shifts the frequencies of the trapped electrons, thereby matching them to the cavity modes
present in the trap. Finally, an clectron source is placed below the trap. This source inject

electrons into the trap by field electron emission.
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Chapter

Simulation of coil geometries

For developing the superconducting tuning coil assembly and the Bs-coil assembly for tem-
perature measurements, a suitable geometry has to be determined. Both assemblies consist
of several coils, placed at appropriate distances. As outlined in section 2.3, the approxi-
mation of thin coils compared to their distance is not applicable in our case and therefore
cannot be used. Additionally, as shown in figure 4.1, an approximation that considers only
the edge windings is also inadequate. The difference between a calculation that includes
all loops and one that accounts for only a few windings is significant. This is due to the
magnetic field scaling as ~ 1/r. For a coil with a radius of approximately 10 mm and a wire
diameter of 0.32 mm, the difference in the magnetic field between a wire at the edge and one

N =5 diameters placed away can be calculated as:

1/10mm 116

A —
1/(10mm+N-0.32mm) 10

=1.16

This means the B-field of an edge wire is 16 % higher than from a wire at the middle of the
coil. Consequently, all windings must be taken into account in the design process.

Hence, the B-field is calculated as a superposition of individual loops. By summing all
the individual loops, an analytical expression can theoretically be derived. However, this
expression would be unmanageable long, especially considering the O(200) windings used
for the coils. As a result, deriving an analytical solution by hand, or even with the aid of
a computer, within a reasonable time frame becomes impractical. Therefore, the preferred
approach is to optimize the configurations using a numerical algorithm. In this process,

several variables can be adjusted:
e number of coils

e number of windings of each coil: N, for outer coil, N; for inner coil

number of layers for each coil: L, for outer coil, L; for inner coil

distance between coils: d, for outer coil, d; for inner coil
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Figure 4.1: Comparison between a full configuration (top) and a configuration where only
the edge windings, carrying 81/4 times the current, are considered (bottom).
A significant difference of around 10 % between the two resulting B-fields is
evident.

e radius of each coil: R, for outer coil, R; for inner coil

Some basic considerations help to restrict the parameters. Due to symmetry, the radii,
number of layers and windings, and the spacing of the coils must be symmetric around 0.
This is because both the tuning coil and the temperature coil should create an even B-field
coefficient, specifically By and Bs. As a result, the parameter space is reduced to between
six and ten variables, depending on the assembly configuration, that can theoretically be
adjusted. The number of coils, windings, and layers are discrete variables, while the others
are continuous, leading to a mixed-integer problem. Additionally, the parameters must
conform to the available space within the experiment and the individual coils should not
overlap, which can be managed by applying specific constraints. Besides these constraints, it
must also be considered that for the By- and By- coils, all other coefficients in equation (2.10)

must be zero, resulting in an additional optimization constraint. The first three coeflicients
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evaluated at zy = 0 for a single loop are:

B, — Ho R—2
72 (R + )3

. _a_B__3M01R2[ : ]
Yo 2 (R? + 22)5/2

By = 1O°B  3plR? [ R? — 422 ]
2T 2022 4 (R? + 22)7/2

These expressions include nonlinear terms in the optimization variables, making the opti-
mization a mixed-integer nonlinear programming (MINLP) problem. To solve such problems,
a variety of Python packages are available, such as GEKKO [61], Pyomo [62], and Gurobi
[63]. However, these options are either restricted to commercial use or cannot handle con-
straints exceeding O(10,000) characters, which would be necessary for the superposition of
O(200) windings. Consequently, using an MINLP solver is not feasible, and an alternative
approach must be employed.

Therefore, in this work the optimization is done in the following way:

1. The coefficients of the magnetic field, By and By, are calculated for all possible values of
the integer variables (N, N;, L,, . ..) that satisfy the boundary conditions imposed by
the trap dimensions. This results in approximately O(10,000) to O(100,000) potential
configurations. As a starting point for the following optimization, the continuous
variables are set to their minimum values within the allowable range. For example, if
the radius R of a coil could theoretically range from 10 mm to 15 mm, the calculations

are performed using a radius of 10 mm.

2. For all configurations, By or By is maximized using SciPy [64]. To achieve this, the
continuous variables are adjusted within the given boundary conditions. Additionally,
other constraints, such as preventing coil overlap and ensuring the vanishing of the

other coefficients, are applied.

3. From all configurations, those that successfully find a solution within the given bound-

ary conditions are filtered out.

4.1 Coil for temperature measurement

The Bs-coil is intended to be used for temperature measurements in the ELCOTRAP experi-
ment. Therefore, a high Bs is necessary according to equation (2.17). This would correspond
to a shift in the axial frequency, that can be measured with the method described in sec-
tion 2.1.5.
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4.1. COIL FOR TEMPERATURE MEASUREMENT

Since the current [ influences B; linearly, the specific value of the current only serves as
a scaling factor and does not affect the optimal geometry. Therefore, all geometries are
calculated with an arbitrary current of I =1 A. Whether or not this current is realizable is
investigated experimentally and is shown in chapter 5 and chapter 6. To generate a Bs-field
without a By component, there must be a symmetrical increase or decrease in the magnetic
field along the z-axis, with the B-field vanishing at the center. This can be achieved by using
an odd number of coils, where the innermost coil carries a current in the opposite direction
to that of the outer coils.

To maximize Bs, the magnetic field’s gradient should be as large as possible, meaning that
from the zero field at the center a strong increase or decrease is necessary. Considering this,
along with the space constraints in the actual experiment, it becomes clear that a config-
uration with 3 coils is an optimal choice for the Bs-coil. A configuration with 5 coils was
also simulated, but the optimization resulted in the two outermost coils being effectively
merged, forming a 3-coil configuration. Therefore, in the following discussion, only the case

of a 3-coil configuration for the Bs-coil is presented.

Results: The parameters of a 3-coil system include the number of inner (NV;) and outer
(N,) windings, the number of layers (L;, L), the radii (R;, R,), and the distance between
the coils (z9 = d), resulting in a total of 7 parameters. The trap dimensions constrain
these parameters to 10.5mm < R < 15mm and zy < 9mm. For all possible configurations
within these boundaries, the magnetic field coefficients are calculated and optimized using
the scipy.minimize function. This calculation is performed for two different wire diameters,

and the results are as follows:

0.3 mm wire: N; =25, L, =12, R; =10.5bmm, N, =15, L, =14, R, = 10.5 mm,
Zo = 9.0 mm
0.5mm wire: N; =13, L, =8, R, =10.57mm, N, =9, L, =28, R, =10.5mm,

zo = 9.0mm

The corresponding frequency shifts of the axial particle motion for different currents can be
obtained from equation (2.11) and are shown along with the generated B, in figure 4.2. The
exact value of I will be tested in the following two chapters, but even with a very optimistic
estimate of 2 A or 3A, a frequency shift of only 7.45Hz for a wire diameter of 0.3 mm and
6.66 Hz for a diameter of 0.5 mm can be achieved. According to [65] the dip width of the

axial frequency in a measurement with the method described in section 2.1.5 is given as

_ Rric ¢*

A Dz
m eff

(4.1)
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2: Maximum possible By and the corresponding frequency shift for different values
of I. (Left) result for a wire diameter of 0.3 mm, (right) result for a wire
diameter of 0.5 mm.

where N is the number of trapped particles, Rryc is the resistance of the detection cir-
cuit and D.g the effective electrode distance introduced above. For the detection circuit in
ELCOTRAP this dip width of a single electron is on the order of 10 Hz. Thus, the dip width
is bigger than the shift from the Bs-coil, making a temperature measurement with this tech-
nique very difficult. Therefore, at the end, the Bs-coil was not included in the experiment.
Nevertheless, it was demonstrated that the employed optimization algorithm is capable of

optimizing complex coil geometries, which will become useful in future calculations.

4.2 Coil for frequency tuning

The second coil simulated in this work is designed to produce a homogeneous magnetic field.
As described in chapter 3, this field is necessary to shift the cyclotron frequency and the
axial-cyclotron sideband in the ET of ELCOTRAP to proper cavity modes.

For the coil assembly, various geometries and numbers of coils are possible. As outlined in
section 2.3, none of the standard coil configurations (Maxwell, Braunbek, ...) are feasible,
so a brute-force calculation is performed for different numbers of coils. In the experiment,
the number of individual coils is imitated to between one and four coils due to the space
constraint.

The boundary conditions for the design include a maximum height of 19 mm, corresponding
to zg = 9.5 mm, and a radius range of 12.26 mm < R < 16.26 mm. Additionally, it is required
that either By alone or both By and B4 must vanish. Since the odd-order terms inherently
vanish for symmetric assemblies, and higher-order terms do not significantly impact the
frequency shift, they are neglected in the optimization.

The optimization process also reveals that the constraint By = 0 is not always achievable
and significantly affects the maximum reachable By. Given that the shift due to By is 108
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times smaller compared to the shift due to Bs, the optimization is focused on eliminating

B and disregards the value of By.

The optimization is performed using the algorithm presented in section 4.1, again for wire

diameters of 0.3 mm and 0.5 mm, with scipy.

Results: A single coil performs poorly in creating a homogeneous B-field without higher-
order B-field coefficients, so its results are not discussed here. Results for configurations
with two, three, and four coils are presented again with a current of I = 1 A.

The results of the simulation for the 0.3 mm wire are shown in figure 4.3. There is only a
small difference between the various numbers of coils, with the maximum achievable B-fields

differing by less than 0.3 mT. The optimal configurations for the 0.3 mm wire are as follows:

Two coils: N =14, L =12, R=1226mm, d = 7.18 mm
Three coils: N; =5, L; =1, R; =15.94mm, N, = 14,
L,=12, R, =12.26 mm, d, = 7.26 mm
Four coils: N; =2, L; =8, R; =12.26 mm, d; = 5.02mm,
N,=13, L,=12, R, =12.26 mm, d, = 7.42mm

All the configurations exhibit nearly perfect homogeneity within the radii of the particle’s
motion and have a vanishing By coefficient, making them suitable for our needs. The optimal
four-coil configuration effectively reduces to a two-coil system because the two coils on each
side are connected, though the coils differ in the number of layers. More precise, the outer
coil has four layers more than the inner one.

In figure 4.4 the same plot is shown, but for wire with a diameter of 0.5 mm. The optimal

configurations are:

Two coils: N =8, L =7, R=12.26mm, d =7.15mm
Three coils: N, =3, L, =1, R, =15.72mm, N, =8,
L,=T7 R,=1226mm, d, = 7.30 mm
Four coils: N; =5, L; =3, R; = 1226 mm, d; = 5.30 mm,
N,=5L,=7, R, =12.26 mm, d, = 8.00mm

It is observed that even with twice the current, the coil configurations using the 0.5 mm wire
produce a significantly weaker Bg-field. This is due to the fewer number of windings and
layers that can be placed in the same volume. Given that and the fact that the thinner wire
is much easier to handle, the 0.3 mm wire is found to be the better choice for the By-coil.

Among the three configurations for the 0.3 mm wire, the four-coil setup performs best.
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Figure 4.3: An overview of the different optimized geometries for two, three, and four
coils. The B-field is illustrated along both the z- and z-axes. Additionally, the
radius of the magnetron motion is plotted in green alongside the B-field in the
z-direction and the axial amplitude alongside the z-direction. The four coils
effectively merge together and therefore, look like a two coil system
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layers.
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However, given the small performance differences, opting for the simpler geometry is ad-
vantageous. This approach reduces manufacturing challenges and deviations from the ideal
calculated results. Looking at the results of the three-coil system, it’s clear that this configu-
ration is not optimal. It performs only slightly better than the other two, but the additional
coil introduces manufacturing challenges. Comparing the two-coil system and the four-coil
system, it is also evident, that the ease of manufacturing the two-coil configuration is more
advantageous than the small better performance of the four-coil system. Therefore, the two-
coil system is the best choice.

When reviewing the results, it is important to note that all simulations are based on the
approximation of planar loops, without accounting for the slight tilting of individual loops
that occurs in actual winding processes. The deviations arising from this tilting are not
addressed within the scope of this thesis, because their impact is assumed to be minuscule.
Given the magnetic field of the tuning coil, the maximum frequency shift can now be calcu-

lated using equation (2.7), to be on the order of O(1 GHz) for a current around 1 A.
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Chapter

Development of a joint test setup

To test whether the joint is superconducting, a specialized test setup is developed. In this
setup, different methods for joining the wire are tested.

The test setup consists of two coils nested within each other. One coil, the excitation coil,
is connected to a power supply, while the other, the joint coil, includes the superconducting
joint. This coil is a closed loop and has no connection to a power supply. When a voltage
is applied to the excitation coil, a current flows through it, generating a magnetic field.
As a consequence of electromagnetic induction and Lenz’s law, the joint coil will create a
counteracting field, causing a current to flow through it. If the joint coil is superconducting,
this current should remain constant, resulting in a stable magnetic field generated by the
joint coil. This field is measured with a magnetic field sensor.

The setup is subject to several requirements that must be considered during the design
process. First, the entire experiment needs to be conducted in an ambient temperature of
below 10 K, as the joints only exhibit superconductivity at low temperatures. Therefore,
the setup is mounted on a closed cycle cryocooler, that can reach 4 K, and designed to be
easily attachable to it. Additionally, the setup must facilitate quick and iterative changes to
enable a fast testing process, since multiple joints are tested. Another critical requirement is
the ability to send a high current through the test coil, potentially up to the critical current
lo, to fully evaluate the joint’s performance. Finally, the setup must provide the ability
to calibrate the sensor, because there is no data available for a temperature of 4 K. This

calibration is performed with the excitation coil, and the results are shown in section 5.2.

5.1 Design of the test setup

To meet the requirements outlined above, the design depicted in figure 5.1 is selected. This
setup comprises an adapter plate, an excitation coil, a joint coil, and an NVE AA005-02e

magnet sensor [66]. The excitation coil is permanently mounted on the adapter plate, which
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| 25mm |

Excitation coil

/ Joint coil

Adapter plate

Figure 5.1: Setup for the coldhead: The setup for measurements in the coldhead is illus-
trated as follows: (left) the complete setup and (right) a sliced view of the setup
featuring the NVE AA005-02e sensor. The pins of the sensor are connected
to a voltage supply and a multimeter for reading out the measurements. The
images show the different components that can be stacked on top of each other.
The adapter plate can be screwed on the coldhead.

can be fixed on the coldhead. This coil is connected to a power supply and is responsible
for inducing a current in the joint coil. To achieve this, the excitation coil has significantly
more windings than the joint coil, enabling it to induce a high current in the joint coil from
a relatively small input current. The magnet sensor is positioned in the center of the excita-
tion coil. The joint coil can be assembled on top of this setup using four screws. To ensure
accurate calibration of the sensor in a cryogenic environment, it is crucial that the magnetic
field produced by the excitation coil is either homogeneous across the sensor’s dimensions
or that any variations in the magnetic field strength in the z- and z-directions are almost
identical for both coils. Due to spatial constraints, simulating a coil with a perfectly ho-
mogeneous magnetic field is not feasible, leading to the choice of the second method. This
means, that the field created by the two different coils should be nearly identical in shape.

This approach is necessary because the sensor’s calibration relies on the assumption that
the measurement occurs at the sensor’s center. If the actual measurement position deviates
from this center, the sensor’s output for a given magnetic field is overestimated, leading to
an inaccurate calibration. To address this issue, the dependencies of the field produced by
the excitation coil and the joint coil must be consistent. Additionally, the two coils must
not be displaced relative to each other, so the center of both coils has to be at the same
z-coordinate. This is ensured by the design and the mounting.

If the measurement electronics are positioned 1 mm off-center and the magnetic field at this
position is 5% weaker than at the center, the calibration overestimates the magnetic field
by 5%. When the joint coil is also measured 1 mm off-center, the calibration will similarly

overestimate the magnetic field by 5 %, if the two fields have the same shape, compensating
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5.2: Calibration principle for the sensor. If the actual measurement electronics
is placed somewhere away from the center, the same offset is present in the
measurement of the joint coil and therefore cancels out. To ensure this, the
two coils have to be mounted in a way that their centers are not shifted relative
to each other. The field strengths shown in this plot are both normalized to
the value at the center of the corresponding coil.

for the weaker field. Thus, the calibration correctly adjusts for the measurement position
discrepancy, ensuring accurate field readings. The principle of this calibration process is
illustrated in figure 5.2. To ensure this, the parameters of the excitation coil are fixed to 24
windings, 5 layers, and a radius of 7.5 mm. With these parameters, a configuration for the
joint coil is determined to produce a field identical to the excitation coil. The choice is made
to use the fewest windings possible for the joint coil to maximize the induced current in the
joint loop. This optimization is performed for joint coils with wire diameters of 0.5 mm and
0.3 mm, as joints for both diameters are tested. The optimal parameters are as follows: for
the thin wire (0.3mm), the configuration is 20 windings with a radius of 12.5 mm; for the
thick wire (0.5mm), the configuration is 10 windings with a radius of again 12.5mm. As
one can see in figure 5.3 the deviations are less than 1% within the size of the sensor. The
final component that needs to be included in the setup is a heater to quench the joint coil.
To quench it, a section of the coil must reach the critical temperature of NbTi, which is
approximately 10 K. This requires a temperature increase by 6 K.

Given that the specific heat capacity of NbT1i is approximately 0.6 mJ/gK at 4.2 K [67], and
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Figure 5.3: Deviations of the magnetic field created by the joint and the excitation coil in
x- and z-direction. The sensor is 3.9 mm X 5.4 mm big, so the deviation is well
below 1% within the sensor’s dimensions.

assuming that roughly 2 cm of the wire are heated, the required energy is calculated to be
around 0.03mJ. This amount of energy can easily be provided by a 102 resistor. The
energy dissipated by the resistor with resistance R in the time ¢ is given by E = R - I? - t.
For example, applying a current of I = 0.01 A for ¢ = 0.2s would, in theory, be sufficient
to quench the coil. Considering all possible losses, a current of I = 0.1 A, applied for half a
second, should definitely be sufficient to quench the coil. A high quenching current isn’t an

issue, as everything will cool back down to 4.2 K after a few minutes of waiting.

5.2 Calibration of NVE A A005-02¢e sensor at 4 K

As already mentioned, the calibration is performed using the excitation coil. To do this,
the excitation coil is mounted on the coldhead and cooled down to 4 K. The magnetic
field generated by the coil for different currents can be calculated as a superposition of the

contributions from all windings, according to equation (2.25). By comparing these calculated
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“igure 5.4: Calibration measurement for the NVE AA005-02e sensor. Two measurement

series were performed. A linear function is fitted to the values between 1mT
and 7mT. One can see the deviation from a linear behavior for small magnetic
fields. That also explains why one doesn’t get a straight origin line as a fit.
The colored areas are the error bands of the fits.

values with the sensor’s measured outputs, the sensor can be calibrated.

According to the sensor’s data sheet, its linear range is between 1 mT and 7mT. Therefore,
the values within this range are fitted using a linear function f(z) = axz + b. The results
are shown in figure 5.4. The measurement is performed twice, thereby improving statistical
significance and to check for reproducibility. The two resulting fits are averaged, leading to

the final calibration:

Vour +b _ Vou +21.12mV

BmT|(Vou) =
[T (Vo) a 33.8 2V

(5.1)

With equation (5.1), the magnetic field for a certain sensor-output can be calculated. The
offset of 21.12mV can be explained with the fact that the linear range starts above 1mT, so
for small outputs the linear fit doesn’t give the right B-field. The corresponding error AB

is given by the error of the measured voltage and the error of the fit,
AV N2 (AB\®  (Vow+D,
= (25) + () + (o)
a a a

2 2 2
AVyy 0.74mV Vout +21.12mV \%

- C) o (2R 4 (Tt BV 05 2t
338 Y 33.8 Y (33.82Y) mT

where the bars indicate an average of both fits. The desired current to create a measured field
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strength with the configuration of the joint coil can then be calculated using a superposition
of equation (2.25). To also find a corresponding current for the field strengths below the
linear threshold of 1mT, the outputs in this region are fitted using a liner interpolation

between the data points in this regime.

5.3 Production of superconducting joints

The following section discusses the production of the superconducting joints and the chal-
lenges encountered during this process. An overview of the production steps is provided in
section 2.2.2, and here, each step is examined in greater detail.

A total of four different joints are fabricated: two using the thin wire (0.3 mm) and two
using the thick wire (0.5 mm). All joints are made using a Lampert PUK-U5.

For each wire diameter, one joint is created by directly welding the wire ends together, and
another by welding the wire onto a small NbTi cylinder. The cylinder measures 3mm in
diameter and 8 mm in length, featuring a small slit where the wires are positioned. A picture
of a direct joint and one produced inside a cylinder is shown in figure 5.5. The fabrication
process is as follows:

1. Removing the insulation: The insulation is mechanically removed using a stripper, leav-

ing the bare surface of the copper matrix.

2. Etching the copper matrix: In the next step, the copper matrix is etched away using a

80 % nitric acid solution. This process takes approximately five minutes. To ensure suc-
cessful etching, the wire should be gently moved within the acid. Additionally, it should be
removed periodically from the acid and wiped down with a cloth in order to mechanically
remove partially etched chunks, enabling etching of the layer underneath.

3. Cleaning the bare filaments: After etching, the exposed NbTi strands are thoroughly

cleaned with ethanol and water. This ensures that no residual acid remains on the wire,
providing a clean surface for welding.

4. Welding the wire: Finally, the welding process is carried out. For the joints without the

NbTi cylinder, the two NbTi strands are twisted together, and several spot welds are placed
along the helix. This approach ensures that at least one of the welds establishes a strong
connection. During the weld, one of the wires is connected to the positive pole of the welding
machine. The welding parameters are set to 22 % of the maximum power for 2.0 ms for the
thin wire, and 24 % for 2.5ms for the thick wire. These values are selected because they
reliably produce a good weld without burning away the wire. However, the exact parame-
ters may need to be fine-tuned. There is no perfect setting, as the weld quality depends on
various factors like the positioning of the welding electrode, the bulk clamp placement, and
the argon inert gas pressure. Therefore, one has to play a little with the settings to achieve

optimal weld quality.
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<

Figure 5.5: Pictures of the superconducting joints taken under a microscope. (Left) The
joint is produced inside a small cylinder. For this, the wires are placed inside
a small slit in the cylinder. (Right) The joint is produced by welding the two
wires directly together. One can see the twisted wires and the several spot
welds.

For the joints involving the NbTi cylinder, each wire is welded separately within the slit of
the cylinder. The welding parameters for these joints are 24 % for 2.5 ms for the thin wire
and 28 % for 3.0 ms for the thick wire. Here, the plus pole is connected to the cylinder.
The advantage of using the cylinder is the easier handling and the welds can be performed
smoother. On the downside of this method is that the cylinder requires a lot of space.

5.4 Measurements and results

5.4.1 Measurement procedure

To evaluate the performance of the different joints, the setup shown in figure 5.1 is mounted
onto the coldhead and cooled down to 4 K. The sensor’s pins are connected to a voltage
supply and a multimeter for data readout, utilizing the connections on the coldhead. Ad-
ditionally, the heater and the excitation coil are connected to a power supply through the

coldhead pins. The measurement process follows this scheme:

1. Send a current through the excitation coil. This creates a magnetic field and induces
a current in the joint coil. Since the joint coil is superconducting, the induced current
will persist indefinitely, maintaining the counteracting magnetic field as long as the
coil remains in a superconducting state. However, the field of the excitation coil is
stronger than the counteracting field, so a magnetic field can be measured with the

Sensor.
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Figure 5.6: Measured signals and the test setup. (Left) Real data captured with an os-
cilloscope and a multimeter. The measurements show how the voltage output
changes during the different stages of the experiment. For the oscilloscope, the
first constant tail when all coils are turned off isn’t plotted. (Right) Picture of
the real setup used for the joint test.

2. Quench the joint coil. For about half a second a current of 100mA is sent through
the resistor, heating it up above T of NbTi. As a consequence, the current in the
joint coil decays and the total magnetic field increases, because the field of the joint
coil is counteracting the field of the excitation coil. After the quench, one has to wait

for roughly ten seconds until the joint coil is thermalized again to 4 K.

3. Turn off the excitation coil. This will again induce a current in the joint coil due to
the changing magnetic field. The advantage of this step is that now only the current
in the joint coil remains, allowing the magnetic field it produces to be measured in
isolation without interference from the excitation coil. In total, the magnetic field will

decrease, because the field created by the excitation field is now absent.

The different steps of the measurement process are illustrated in figure 5.7. This figure clearly
shows how the magnetic field initially increases as current is applied to the excitation coil.
After quenching the joint coil, the magnetic field rises even further because the counteracting
field produced by the joint coil is no longer present. Once the excitation coil current is turned
off, the magnetic field decreases, leaving only the field generated by the joint coil. This
final step allows for an isolated measurement of the joint coil’s magnetic field, confirming
its superconducting properties. ~The measurement procedure was repeated for excitation
values from I = 50 mA up to 500 mA in steps of 50 mA. For all values the ouput voltage of
the NVE AA005-02e was notated and an estimate for the error is made by the fluctuations
of the output.

5.4.2 Results

General observations: The estimation of the error in the measurements is quite chal-

lenging due to fluctuations and occasional drift in the sensor output. The exact cause of
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A schematic representation of the voltage output corresponding to the various
steps in the measurement process. (1) Both coils turned off. (2) Excitation coil
turned on, inducing a current in the joint coil. (3) The magnetic field rises after
the joint coil is quenched. (4) The excitation coil is turned off, again inducing
a current in the joint coil. The final constant tail in the output indicates the
persistent current in the joint coil, confirming its superconducting state. This
persistence demonstrates that even after the excitation coil is turned off, the
current induced in the joint coil remains, producing a stable magnetic field.

this drift remains undetermined, though several factors could be responsible. These include
heating within the setup due to Ohmic heating of the excitation coil, magnetization of nearby
components, or interactions between the coils. However, since the drift is not consistently
observed across all measurements, it is difficult to pinpoint the exact cause.

Additionally, the sensor’s offset, so the output value at zero background field, exhibits sig-
nificant variation during the measurement, varying from —7mV to 7mV. This is mainly
caused by the hysteresis effect of the sensor. According to the data sheet, the maximum
hysteresis is 4 % resulting in a deviation of roughly 3.5mV for outputs up to 90mV. Yet,
it is important to notice, that the values from the data sheet are taken for a temperature
range down to —50°C, so maybe in a cryogenic environment, the hysteresis can be larger.
In the following, a direct joint refers to a connection where the two wires are joined without

using a NbTi cylinder, whereas a cylinder joint involves the use of a NbTi cylinder.
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8: Result of the measurement for the 0.5mm direct joint. (Left) The measured
output voltage and the corresponding magnetic field is plotted. The magnetic
field is calculated with the fit in equation (5.1). (Right) The calculated current
to create the magnetic fields is measured against the current in the excitation
coil. Also, a linear fit to the data is given, as one would expect a linear
dependency between the joint and the excitation current. The orange band
shows the 3 o-range to outline significant deviations from the linear fit.

0.5 mm direct: In figure 5.8, the measurements for the joint are presented. The results
show that a current of over 2.5 A is achieved. Up to this current, the joint remains super-
conducting. Higher excitation, and therefore higher joint currents, can not be tested with
the current setup due to limitations of the power supply. Throughout all joint currents, the
joint coil remains superconducting, and over a span of several minutes, no decay is observed.
It is noteworthy that the linear fit to the joint currents generally lies within the 3 o-region,
though some measurements deviate from it. This suggests that either fluctuations in the
output voltages or the assumed errors are underestimated. Besides, it could be that the
sensor has some kind of non-linearity at an ambient temperature of 4.2 K

Nevertheless, the direct joint demonstrates good performance, achieving a high critical cur-
rent.

0.5 mm cylinder: For the joint made with the thick wire and the NbTi cylinder, the
performance is quite similar to that of the joint without the cylinder. As shown in figure 5.9,
a current exceeding 2.5 A is again achieved without losing superconductivity. Additionally,

the linear fit appears slightly improved, with all values falling well within the 3 o-range.

0.3 mm direct: In the figure 5.10, the results for the direct joint made with the thin wire

are presented. The direct joint remains superconducting up to a current of approximately
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Results for the measurement with a 0.5 mm wire and a NbTi cylinder to perform
the joint.

1.4 A. Again, higher currents were not tested, due to the limitations of the power supply. The
linear fit, however, shows poor performance, indicating the presence of some non-linearity
in this measurement.

Notably, the joint current for an excitation current of 50 mA seems unreasonable, as it is
only slightly above 0 A. This data point is likely incorrect, possibly due to an error in the
measurement procedure. It’s possible that the offset is incorrectly determined, leading to
a smaller output voltage and, consequently, an inaccurately low current. Additionally, the
two values for excitation currents of I = 150mA and I = 350 mA differ significantly from

the linear fit. Likely, this is caused by the strong fluctuations of the sensor output.

0.3 mm cylinder: The performance of the cylinder joint for the thin wire, shown in fig-
ure 5.11, is quite similar to that of the direct joint, also remaining superconducting up to
approximately 1.4 A. In this case, the linear fit appears to be quite accurate, indicating that
no significant errors occurred during the measurement process.

Comparing the thin and thick joints, it is observed that for each excitation current, the
current in the joint loop is roughly twice as high in the thick wire. This is expected, as the
thin joint coil consists of 20 windings, while the thick joint coil has only 10 windings.

In addition to these measurements, one measurement with the 0.5 mm direct joint is con-
ducted over a 3h period. No significant decay is observed within this time frame, further
indicating that the joint is superconducting. This can be seen even in a shorter period, as
a non-superconducting joint would heat up due to resistive losses, which would increase its

resistivity and cause further heating. Consequently, the current would decay rapidly.
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> 5.10: Results for the measurement with the 0.3 mm direct joint.

In summary, all joints perform well and remain superconducting at the maximum injected
current. None of the joints reach their critical current, indicating that all techniques used
are effective and suitable.

The thin wire allows for significantly more windings, resulting in a higher achievable mag-
netic field, even with only half the current of the thick wire. This means that using the thin
wire, it is possible to achieve geometries that outperform the best configurations of the thick
wire, despite using much less current.

In addition to that, considering the manufacturing process, the thin wire emerges as the
better choice as it is much easier to wind coils with the thin wire, making it the preferred
option.

Between the direct and cylinder techniques, the differences are very little. The cylinder tech-
nique is a bit easier to manufacture and provides a higher mechanical stability. However,
this stability can also be reached with the direct joint when covering the joint with epoxy.
The disadvantage of the cylinder joint is the required space, as the cylinder has a dimen-
sion of approximately 8 mm in height and 3 mm in diameter. Since there is no clear-favored

technique, the measurement in the following chapter is performed with the direct technique.
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Figure 5.11: Results for the measurement with the 0.3 mm cylinder joint.
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Chapter

Joint tests in the ELCOTRAP experiment

As discussed in section 2.1.5, the joint must be tested in a strong background field because
the magnetic field in ELCOTRAP could potentially reach the critical magnetic field (Bc)
of the joints, causing them to lose their superconductivity. Consequently, the 0.3 mm wire
direct joint, which showed good performance in the experiment described in chapter 5, is
tested in the 7T magnet of ELCOTRAP.

6.1 Basic idea and experimental setup

To test the joint, a NbTi coil, including the joint, is wrapped around the trap chamber in
which the Penning trap is located. A second coil, wound bifilarly with this coil, is connected
to a power supply and used as an excitation coil. Omnce a current is sent through the
excitation coil, it induces a current in the joint coil. The excitation coil is made with a
0.5 mm wire, while the joint coil is made of the thinner 0.3 mm wire. Each coil consists of 20
windings, with a coil radius of 50.5 mm. Both coils have only one layer. Using equation (2.25)
and applying the superposition principle while neglecting the small helix-like structure, the
joint coil should generate a magnetic field of around 0.025mT for an excitation current of
I = 0.1 A, corresponding to a shift of the free cyclotron frequency of roughly 1kHz for a
fully ionized carbon atom. This frequency shift can be measured using the FT-ICR method
described in section 2.1.5.

Additionally, a heater is required to quench the coil. This heater is constructed using a
manganin wire that is wrapped, together with a small piece of the wire of the joint coil,
around a circuit board. When a current flows through the manganin wire, it heats up the
joint coil wire due to Ohmic dissipation. The heater consists of six windings with each
having a length of approximately 24 mm, leading to a resistance of R =[-p = 1.94 (2, where
[ is the length of the wire and p is the specific resistance of manganin, which is 13.52/m at

4.2 K [68]. For a current of 0.1 A, this results in a heating power of approximately 19.4mW,
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Bifilar coil:
Heater wires  Joint Excitation and test

Figure 6.1: Setup for the joint test in the ELCOTRAP experiment. The heater is placed
next to the trap chamber and screwed on the 4 K stage. The two coils are fixed
on the trap chamber with LOCTITE STYCAST 2850FT epoxy. In this attempt
the joint is produced with the cylinder, which was found to be mechanically
broken after the first cooldown. The results reported below are performed with
a different joint.

which is easily sufficient to quench the coil. To better isolate the heater from the rest of
the coil, the copper matrix on the wires leading to the heater is etched away, reducing the

thermal conductivity of the wire. The whole setup is shown in figure 6.1.

6.2 Measurement process

Loading Ions: Before starting the actual measurement, an ion must be loaded into the
trap. In ELCOTRAP, ions can be produced directly inside the trap. This is achieved by
applying a high voltage to a cathode, which creates a strong electrostatic field that induces
field electron emission. These emitted electrons hit a carbon target and have enough energy,

12C%* jon can be loaded. During

in this case ~ 1keV, to fully ionize the carbon atom, thus a
this process, other ions or multiple carbon ions may also become trapped unintentionally.
To isolate the desired ions, the unwanted ones must be removed using the burst technique,

as described in section 2.1.3.

Measurement procedure: The measurement procedure follows the same steps outlined
in chapter 5. First, a current is passed through the excitation coil, which induces a current
in the joint coil. The joint coil is then quenched, and subsequently, the excitation coil is
switched off, once again inducing a current in the joint coil. At this point, the joint coil
should generate a stable magnetic field.

To measure the frequency shift, different frequencies must be measured. For this, first the

axial frequency is measured using the FT-ICR method described in section 2.1.5. Afterwards,
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Double dip spectrum in ELCOTRAP. The red line indicates the fit for the
double dip. The peaks on the spectrum are noise peaks.

the axial motion is coupled to the modified cyclotron motion using an RF-field. As outlined
in section 3.2, this leads to an energy transfer between the two modes and to a splitting of
the detected axial signal. Instead of a single axial dip, now a double dip is present [16]. The

frequencies of the double dip are related to the modified cyclotron motion by
Wy = WRF — W, + w; + W, (6.1)

where w, and w; are the frequencies of the left and right dip, respectively. An example of
such a double dip is shown in figure 6.2. For performing a quantitative evaluation of the
frequency shift due to the magnetic field, all eigenfrequencies must be measured and after-
wards, the free cyclotron motion can be calculated and used to determine the additional
B-field. However, for a first estimate a measurement of the modified cyclotron motion with

equation (6.1) is sufficient.

6.3 Measurement results

Once the excitation coil is turned on, one would expect to see no phase shift. If the joint
coil is superconducting, it would create a counteracting field, and the field of the excitation
coil and the joint coil would exactly cancel out, resulting in no frequency shift. Due to small
deviations, a small frequency shift may be present. In figure 6.3 the measured frequncies
are shown. One sees a clear shift of them, once the excitation coil is turned on. This
indicates that the joint coil is not superconducting. Also, quenching the joint coil doesn’t
make any difference, what again shows, that the joint or some other part of the coil is not
superconducting. As a result, the joint coil is not able to produce a stable magnetic field.

The reason why the joint is not superconducting cannot be said with certainty. One possible
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Recorded double dips in the ELCOTRAP experiment. On the left side, the
excitation coil is off. In the middle, the excitation coil carrys a current of
1mA leading to a frequency shift of the double dip. If the joint coil would be
superconducting, no shift should occur. On the right side, the excitation coil is
turned off again after the joint coil was quenched, and the same dip spectrum
is present like on the left side, indicating that no current is flowing through the
joint coil.

explanation is that a part of the coil is not properly cooled to below 10K, and hence, not
superconducting. In the setup, the temperature at the cooldhead is measured to be 4.3 K,
on the coldhead side the temperature is 5.9 K and on the other side it is 7.5 K. However, it
is possible that some parts of the system are hotter. This can especially be the case for the
heater, because in the design it is aimed to decouple the heater thermally from the rest of
the setup. This might lead to an ineffective cooling, preventing the heater from reaching a
temperature below 10 K. This effect can even be enhanced by radiation of the heat shield
heating up the heater. It could also be the case that after quenching and turning off the
heater, the heater is not adequately cooled. However, this effect can usually be mitigated
by waiting a few minutes between quenching and switching off the excitation coil. But even
after waiting a few minutes between quenching and turning off the excitation coil, the joint
coil is still not superconducting. To test whether the heater is cooled properly, another
measurement will be performed with a temperature sensor placed at the heater position to
investigate, if the heater is indeed not cold enough. However, this measurement can only be
carried out after the submission of this thesis.

Another possibility is that the joint losses its superconductivity in the strong background
field. This can be caused by impurities, like remaining copper or the oxidation of niobium or
titanium that can occur during the welding process. Also, the heating to several thousand
degrees might change the structure of NbTi, decreasing B¢s. To check this hypothesis, it
would be necessary to test the same joint in zero, or at least in a weaker, background field.
In this way, one could investigate, if the joint is superconducting at all. Since all the joints

in chapter 5 are superconducting it is quite unlikely, that the joint isn’t superconducting at
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all, but there is no literature available, about how the critical magnetic field changes during
the welding process. Another possible reason is, that the joint breaks mechanically. This
was the case in a prior measurement with a 0.3 mm cylinder joint. To avoid this, the joint

was mechanically stabilized with epoxy.
However, yet it can not be said, what the actual problem is, and further investigations have

to be made.
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Chapter

Implementation of the tuning coil in

ELCOTRAP

In this chapter, the design of the By-coil for later integration into ELCOTRAP is presented.
Because the actual trap design of ELCOTRAP isn’t finished yet, it is possible that minor
changes to the dimensions will be made for the final implementation. However, it shows

which requirements a design must fulfill.

7.1 Design of the coil

Like the assemblies in the previous chapters, the basic components of the assembly are the
coils itself, a heater, and some mechanism to induce a current in the coil. The complete setup
is shown in figure 7.1. It is the two-coil configuration for the thin 0.3 mm wire simulated in
chapter 4.

Due to space constraints, using an excitation coil to induce the current is impractical. In-
stead, the coil is directly connected to a power supply. To initiate the current flow in the
coil, a small section between the two connections to the power supply is heated above its
critical temperature, causing it to lose its superconductivity. This forces the current to flow
through the superconducting coils rather than just along the short connection between the
supply wires. Once the heated section cools back down and returns to a superconducting
state, the power supply can be switched off. Thanks to the coil’s self-inductance, it will
generate and maintain a constant current within itself. A sketch of this is illustrated in
figure 7.2. The left part with the two coils is superconducting, while the part on the right
side is heated above T and therefore serves as a superconducting switch.

The heater consists of a manganin wire that is wrapped around a circuit board and con-
nected to a power supply. When a current flows through the manganin wire, it heats up

due to Ohmic dissipation. Additionally, a small section of the wire from the coil is wrapped
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Upper coil (covered with epoxy)

Lower coil (not covered)

Joint

. . Slit to connect upper and lower coil
Slit for power supply connection

Figure 7.1: Assembly of the By coil for the ELCOTRAP experiment. The left picture
shows the front view with the heater and the slit on the left, where the power
supply wire can be soldered. The right picture shows the cylinder for the joint
and the slit through which the wire can be guided to come from the bottom to
the top coil. For illustration, the upper coil is shown covered with epoxy, while
the lower one isn’t, so one can see the single windings.

between the windings of the manganin wire and heats up as well when the power supply
is turned on, causing the coil to quench. To thermally isolated the heater from the rest of
the assembly, it is placed away from the copper mount using small plastic spacers and the
copper matrix is etched away.

The joint, either produced with a cylinder or by direct welding two ends together, can be
placed in a milling hole and thermally coupled to the mount using epoxy. Also, the single
windings are covered with epoxy to fix them and enhance their thermal coupling to the rest

of the assembly.

When winding the coil, special care must be taken to minimize deviations from the calcu-
lated configuration outlined in section 4.2, as even minor imperfections can lead to unwanted
field distortions. The winding process begins from the center of the assembly, starting with
the lower coil. This coil is wound with 14 windings and 12 layers. The center of the coil
is placed roughly 7mm away from the middle of the coil mount. The wire is then passed
through a slit in the center of the assembly to begin winding the upper coil.

In the upper coil, the wire is passed through slits on both sides and wrapped around the
heater. At these slits, the insulation is removed to allow for soldering the power supply
connections. In the section where the coil is wrapped around the heater, the copper matrix
is etched away to reduce thermal conductivity, ensuring that the rest of the coil remains in
a superconducting state. Once the upper coil is wrapped, the end of the wire can be passed
in the small cutout where the joining can be performed.
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superconducting

non-superconducting

} To power supply

S B

Figure 7.2: Schematic of the coil assembly. The coils are connected to a power supply,
while the part between the two supply wires is heated. The blue area is super-
conducting, while the orange can be made normal conducting by heating the
wire and hence, can serve as a superconducting switch. Once the heater-supply
is turned off and the wire section between the supply wires is cooled down, the
power supply can be turned off and a persistent current flows through the coils.

7.2 Installation in ELCOTRAP

The final installation of the tuning coil in ELCOTRAP is shown in figure 7.3. It is placed
around the trap electrodes and secured to the piezo mount with four screws. This design
ensures that the generated magnetic field is as homogeneous as possible, and everything is
properly adjusted and fixed in the actual setup. Through the bottom of the coil, the piezo

shown in figure 3.3 can be connected and used to adjust the trap dimensions.

Figure 7.3: The whole setup in ELCOTRAP. (Left) Rendering of the setup. (Right) Sliced
CAD-model of the setup. In the center is the actual trap with five electrodes.
The top electrode is also used to inject the RF-field. Around these the tuning
coil is mounted. Below the coil, a piezo motor is placed that can adjust the
trap dimensions.
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CHAPTER 7. IMPLEMENTATION OF THE TUNING COIL IN ELCOTRAP

Once the final design of the trap is completed and the By assembly is manufactured, it can
be implemented in the actual experiment. If everything functions as expected, the By-coil
can be used to shift the frequencies of trapped electrons, thereby matching them to the
cavity modes of the trap. This will ensure proper cooling of the modified cyclotron motion
in the ET and allow for the coupling of the axial and cyclotron motions. In this way, the

axial motion will also be cooled and can be used to cool the ion in the IT.
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Chapter

Summary and outlook

The goal of this thesis was to develop two types of superconducting coil assemblies for the
Penning-trap experiment ELCOTRAP. One assembly was designed to be used for tempera-
ture measurements within the trap by generating a quadratic field gradient (Bs) inside the
trap, while the purpose of the other was to create a homogeneous magnetic field to shift the
frequencies of stored electrons in the trap. The temperature measurement was intended to
verify the success of electron cooling, while the frequency shifts were necessary to match the
eigenfrequencies of the stored particles to the cavity modes defined by the electromagnetic
cavity formed by the trap electrodes.

To achieve this, suitable geometries were first calculated using a newly developed optimiza-
tion scheme. This scheme employed a superposition of single loops to compute the total
magnetic field of a coil configuration and optimize it within given boundary conditions, such
as space constraints and the requirement for vanishing higher-order magnetic field dependen-
cies. The optimization scheme was applied to two different wire diameters, namely 0.3 mm
and 0.5 mm, and two assemblies with varying numbers of coils. It was found that a four-
coil geometry provided the best configuration for achieving a high degree of magnetic field
homogeneity within the space constraints of the experiment. However, when considering
the manufacturing process, the two-coil configuration is the better choice, as fewer coils are
easier to produce. The highest magnetic bottle effect was obtained by a three-coil geometry.
The exact parameters are listed in chapter 4. Additionally, it became evident that the thin-
ner wire coil could generate more than twice the field strength of the thicker wire with the
same current, due to the ability to place significantly more windings in the same volume.
The simulation also showed that for the By-coil, it is not possible to create a measurable
shift even with an optimistic current estimation of a few Amperes. Hence, this coil wasn’t
investigated further and will not be implemented in ELCOTRAP.

Also, different methods for joining the wires were investigated. To measure the field, an

NVE AA005-02e magnet sensor was calibrated at a temperature of 4 K. A test setup for a
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coldhead was developed to facilitate quick iteration cycles and allow testing of several joints.
Additionally, the test setup was capable of inducing a high current through the joints. The
NbTi wire joints tested in this thesis were fabricated using a Lampert PUK U5 spot welder,
and joints were made for wires with a 0.3 mm diameter and wires with a 0.5 mm diameter.
Two different approaches were examined: one where the wires were directly welded together,
and another where both wires were welded inside a small NbTi cylinder.

All tested joints remained superconducting in a zero background magnetic field up to over
2.5 A for the 0.5 mm diameter wire and up to over 1.4 A for the 0.3 mm diameter wire. No
significant difference was observed between the direct weld joints and those placed inside
the cylinder. Similarly, the two wire diameters showed comparable performance, with no
significant variation in results. The difference in currents was due to the different geometries
used during the tests. Unfortunately, the setup was limited to the aforementioned currents,
as the power supply could not provide higher currents, and none of the critical currents were
reached.

Furthermore, the direct joint between the thin wire was tested in the 7T background field
of the ELCOTRAP experiment. A test coil containing the joint was wrapped around the
trap chamber, where a "2C%" ion was stored. When a current was passed through the test
coil, the resulting frequency shift of the particle was measured. The joint did not stay su-
perconducting in this strong background field for reasons that were not fully investigated in
the scope of this thesis due to time constraints. Further measurements are needed to solve
the problem.

Lastly, a method for implementing the coil in ELCOTRAP was presented. A mount was
developed that included a heater and a power supply, designed to minimize deviations from

the ideal calculated geometry.

For future investigations, it would be interesting to use the developed setups to test other
joining methods, such as cold-pressing or electromagnetic forming, as research on these
techniques in strong background fields is still quite limited. Also, further research on possible
reasons, why the joint in the strong background field did not examine superconductivity
would be interesting. Additionally, a systematic investigation of the influence of different
welding parameters would be valuable and could provide a deeper understanding of the
welding process.

The next step is to manufacture and implement the By-coil in the experiment. Once installed,
it can be tested to determine if everything functions as expected and if the desired frequency
shifts are achieved. If successful, and the coupling in ELCOTRAP proves efficient, the new
technique of sympathetic cooling of ions using electrons can be explored. This could pave
the way for a cooling method for ions that cannot be laser-cooled, potentially leading to

increased accuracy in measurements of particle mass or g-factors.
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