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Abstract

The ARTEMIS experiment aims at measuring magnetic moments of electrons bound in
highly charged ions that are stored in a Penning trap. It will provide access to effects
of quantum electrodynamics (QED) in the extreme fields close to an ionic nucleus.
Additionally, due to the high magnetic field of the Penning trap, higher-order Zeeman
effects can be examined and therefore provide a different access to the theory of QED.

In this work, a cooled cloud of boron-like argon ions, Ar'**, was prepared in
the creation part of a double Penning trap held at cryogenic temperatures. Sys-
tematic measurements were carried out in order to investigate the creation trap
and its specific parameters to generate a suitable ion cloud. This ion cloud con-
sisted after further charge breeding of different charge states. It was then cooled
and parts of it were excited by the SWIFT-technique and, in combination with fast
potential-switching, all ion species except Ar'*>* were removed. Together with the
successful transport of an ion cloud from the creation trap into the spectroscopy trap
all concepts necessary in order to prepare an Ar'** jon cloud for performing laser-
microwave double-resonance spectroscopy have been implemented. Additionally, a
measurement of the modified cyclotron frequency in the creation trap was carried
out by exciting the ions radially while detecting their axial motional frequency. Thus,
a value for the magnetic field strength in the creation trap with a 5 parts-per-million
accuracy was achieved.

A system for irradiating microwaves with a frequency of 65 gigahertz onto the po-
sition of the ions was developed, characterized and implemented into the apparatus.
It was conceptualized for meeting the challenging conditions of the experiment, such
as the high magnetic field, the cryogenic temperatures and the difficult geometry.

A novel concept of employing an indium tin oxide (ITO)-coated window as an
endcap for a closed Penning trap was implemented in the spectroscopy trap and
its functionality was proven. The window improves the fluorescence photon effi-
ciency by at least 17% and increases the planarity over the previously used mesh and
therefore decreases the trap anharmonicities. Additionally, a test of the ITO-coated
window proved its applicability as a Faraday cup for detecting highly charged ions.

During this thesis, experimental studies of the various components of ARTEMIS have
been carried out and the full apparatus was assembled and put into operation. The
focus of this work was the design of the mechanical parts and their assembly, such as
the cryogenic concept and the vibrational decoupling.

In the future, ArTEMIs will be connected to the Hitrap beamline at GSI, so heaviest
highly charged ions can be examined. During this work, a fast opening valve, that
separates the trap vacuum from the beamline vacuum, was assembled and initial
tests were conducted.




Zusammenfassung

Das ArTemis-Experiment speichert hochgeladene Ionen in einer Penning-Falle und
zielt dabei auf die Messung der magnetischen Momente der darin gebundenen Elek-
tronen ab. Dies ermoglicht den Zugang zu den Effekten der Quantenelektrodynamik
(QED) unter den extremen Bedingungen in der Nahe des Ionenkerns. Aufgrund
des starken magnetischen Feldes der Penning-Falle kann auflerdem der Zeeman-
Effekt hoherer Ordnung untersucht werden, was einen alternativen Zugang zur QED
darstellt.

Im Rahmen dieser Arbeit wurde eine gekiihlte Wolke bordhnlicher Argonionen,
Ar'3* im Erzeugungsteil einer kroygenen Doppel-Penningfalle pripariert. Es wurden
Messungen durchgefiihrt, um die Erzeugungsfalle und ihre spezifischen Parameter
zu untersuchen, sodass eine geeignete lonenwolke generiert werden konnte. Diese
Wolke, welche sich nach dem Ladungsbriiten aus unterschiedlichen Ladungszustéan-
den zusammensetzt, wurde gekiihlt und Teile davon mittels der SWIFT-Technik an-
geregt, um hiernach durch schnelles Schalten des Fallenpotentials alle ungewollten
Ionenspezies auler Ar'>* zu enfternen. Gemeinsam mit dem erfolgreichen Transport
einer Ionenwolke von der Erzeugungs- in die Spektroskopiefalle wurden damit alle
nétigen Konzepte zur Priparation einer Ar'®*-Wolke implementiert, um die Laser-
Mikrowellen-Doppelresonanzspektroskopie durchzufiithren. Aul’erdem wurde in der
Erzeugungsfalle eine Messung der modifizierten Zyklotronfrequenz durch radiale An-
regung und Detektion der axialen Bewegungsfrequenz durchgefiihrt und damit ein
Wert fiir die Magnetfeldstarke mit einer Genauigkeit im ppm-Bereich ermittelt.

Um die Ionen mit Mikrowellen mit einer Frequenz von 65 Gigahertz zu bestrahlen,
wurde ein Mikrowellensystem entwickelt, charakterisiert und ins Experiment einge-
baut. Es galt dabei, die schwierigen Bedingungen des Experiments (starkes Magnet-
feld, kryogene Temperaturen und die schwierige Geometrie) zu erfiillen.

Ein neues Konzept, das ein indiumzinnoxid (ITO)-beschichtetes Fenster als End-
kappe einer geschlossenen Penningfalle nutzt, wurde erfolgreich umgesetzt. Mit
diesem Fenster konnte die Fluoreszenzphotoneneffizienz gegeniiber des zuvor ver-
wendeten Netzes um 17% gesteigert und durch bessere Planaritdt die Anharmo-
nizititen der Falle verringert werden. Zudem wurde das Fenster auch in seiner
Tauglichkeit als Farraday-Detektor zur Detektion hochgeladener Ionen getestet.

Wahrend dieser Arbeit wurden experimentelle Studien zu den einzelnen Kompo-
nenten durchgefiihrt und schlie8lich das komplette Experiment zusammengebaut
und in Betrieb genommen. Der Schwerpunkt dieser Arbeit lag dabei im Design
der mechanischen Komponenten und deren Installation, erwahnt seien hierbei das
Konzept der kryotechnischen Umsetzung und die Vibrationsentkopplung.

In Zukunft soll das Experiment an die Hitrapr-Strahllinie der GSI angebunden wer-
den, um hochstgeladene Ionen untersuchen zu konnen. Fiir dieses Ziel wurden
im Rahmen dieser Arbeit ein schnelloffnendes Ventil, das das Fallenvakuum vom
Stahllinienvakuum trennen soll, zusammengebaut und erste Tests durchgefiihrt.
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1 Motivation and Introduction

“Protons give an atom its identity, electrons its personality.”
— Bill Bryson, A Short History of Nearly Everything

The electron is one of the fundamental particles in physics — discovered in 1897 by
J. J. Thomson, it is still an important subject of modern science. Due to its fundamen-
tal nature, it links to many significant constants in physics. Thus, measuring them
with high precision provides a powerful tool to test the standard model of physics.
One of the most precise measurements for an elementary particle is performed with
an electron by measuring its gyromagnetic ratio (the so-called g-factor). It is the
dimensionless constant g, linking the electron’s magnetic moment (i, in terms of the
Bohr magneton uy to its spin s :

. s . eh
Us =—gsupy with pp=—, (1.1
h 2m,

where e is the elementary charge of the electron, m, its mass and i = % the
reduced Planck constant.

Dirac predicted in 1928 the value of the g-factor to be exactly 2 by combining
quantum mechanics with special relativity. However, in 1947 Kusch and Foley mea-
sured small deviations [1, 2]. The discovery of the Lamb shift [3] together with this
anomalous magnetic moment served as a stimulus to the development of the (rel-
ativistic) quantum field theory of electrodynamics (QED) [4]. Schwinger was the
first to calculate this anomaly in the framework of QED theory. In 1965 Richard
Feynman, Shin’ichiro6 Tomonaga, and Julian Schwinger received the Nobel prize ‘for
their fundamental work in quantum electrodynamics (QED), with deep-ploughing
consequences for the physics of elementary particles’ [5].

In the nineteen-eighties, Dehmelt et al. were able to measure the magnetic mo-
ment of the free electron with a relative precision of 4 x 10712 [6]. This experiment
was performed in a Penning trap, an apparatus in which a charged particle is con-
fined radially by a magnetic field and axially by an electric quadrupole field. The
motion of a charged particle in such a trap can be cooled in order to perform preci-
sion spectroscopy. For these high-precision experiments on ‘geonium’’, Dehmelt was
awarded the Nobel prize for physics in 1989. Progress in measuring techniques and
advances in trap designs made it possible to reach even higher precision for the free

! Geonium is a term introduced by Dehmelt, describing a quasi-atomic system of a single electron

‘bound’ to earth due to the Penning trap.




electron g-factor. To this day the most precise experimental result has been obtained
at Harvard University with an uncertainty of 0.56 parts-per-trillion (5.6 x 10713, ppt)
[71, when at the same time QED calculations yielded a value with almost identical
precision:

Zexp = 2.002319304 361 46(56)
g = 2.002319304 363 56(154)

This makes QED one of the best tested theories in science. The success of this the-
ory since then continues unabated, its reliability has been tested many times [8] and
by assuming the theoretical predictions to be valid, together with the measurement
of g, a new value for the fine-structure constant a~'=137.035999 173(35) can be
extracted [9].

An extension to ordinary quantum electrodynamics is the theory of bound-state
QED (BS-QED), capable of describing electrons bound to an atomic nucleus. Ex-
periments in the framework of BS-QED give rise to new effects and test QED on
completely different scales. As an example, a recent breakthrough of BS-QED was
the new determination of the electron mass: a single 12C>* jon was stored in a Pen-
ning trap, by comparing the precession frequency (in the magnetic field) of the re-
maining electron bound directly to the bare carbon nucleus with the ion’s cyclotron
frequency and taking the calculations from BS-QED, the electron mass m, was de-
termined in atomic mass units to be m, =0.000 548 579909 067(14)(9)(2)u [10],
hence, providing the most precise value of the electron mass.

The theoretical predictions of QED can only be used as an input parameter when
the theory is still valid on these high levels of accuracy. Therefore, BS-QED has to
be tested even in the most extreme conditions, e.g. in highly charged ions (HCI)
[11]. By removing almost all electrons from a heavy atom, an ion with a high
charge state is produced. The remaining electrons are exposed to field strengths
that cannot be produced in other experiments. As an example, for the 1S/, elec-
tron in hydrogen-like? uranium the expectation value for the electrical field strength
amounts to 2 x 108 V/m [12], four orders of magnitude higher than the pulse of a
high-power laser.

Since the ‘GSI Helmholtzzentrum fiir Schwerionenforschung’ in Darmstadt has ac-
cess to a unique accelerator facility capable of accelerating almost any kind of ion,
an experiment was built to test BS-QED in highly charged ions. Currently the ‘Heavy
Highly Charged Ion Trap’ facility (HiTrAP) is being commissioned, which, when fin-
ished, will be able to slow down ions so they can be passed to high-precision Penning
trap experiments [13]. One of these experiments is the ‘AsymmetRic Trap for the
measurement of Electron Magnetic moments in IonS’, short: ArRTEMIS, an experimen-
tal setup for precision laser and microwave spectroscopy of trapped highly charged
ions. The first experiment aimed for is the measurement of the g-factor of an electron

2 Hydrogen-like refers to ions where all but one electron are removed from the atom, for example

Bi82+ or U91+
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when bound in “°Ar'3*. This has already been measured at the Heidelberg electron
beam ion trap (EBIT) at the ‘MPI for nuclear physics’. A 1.5 parts-per-thousand accu-
racy was reached [14]. ArTemis aims at achieving a one-million-fold improvement
to the parts-per-billion level [15]. With this precision, few-electron QED calcula-
tions can be tested with high sensitivity and higher-order magnetic field shifts in the
Zeeman-sublevels can be measured [16]. ArTEmIis produces boron-like Ar'3* jons in
an electron beam ion source (EBIS) inside the creation part of a double Penning trap.
The ions are then moved into the so-called spectroscopy trap for further investiga-
tion. The g-factor of the bound electron can then be measured via the technique of
double-resonance spectroscopy [17]: a closed cycle between the fine-structure lev-
els 22P; /2" 22p, /2 is driven by a laser, whereas microwaves are tuned to get into
resonance with the Zeeman transition. In combination with a measurement of the
motional frequencies of the trapped ions, the bound-electron g-factor can be ob-
tained.

This thesis was written during the assembly, commissioning, and first improve-
ment phase of ArTEmIS. Together with the thesis of D. Lindenfels [18], it represents
a near-complete description of the whole apparatus. It is organized in three ma-
jor parts: the theory, the apparatus and its improvements, and measurements and
preparation of an ion cloud. Starting with chapter 2, the theory of quantum electro-
dynamics is explained, first, by comparison between the theoretical and experimental
determination of the magnetic moment of the free electron (Sec. 2.1) and then, in
section 2.2, the even more complex theory of bound-state quantum electrodynamics
is introduced. Afterwards, section 2.3 explains how the g-factor of a bound elec-
tron and higher-order Zeeman shifts in highly charged ions can be measured via
double-resonance spectroscopy.

The second theory part, chapter 3, outlines the basics of the most important tool
used in the framework of ArTEmis: the Penning trap. The three motions, that a
charged particle performs, are explained and for the first candidate, Ar'3*, some ex-
emplary parameters are given (Sec. 3.2). Since in ARTEMIS not only a single particle is
investigated, but a cloud of ions, and since it is not an ideal Penning trap, additional
shifts of the ion motional frequencies have to be taken into account (Sec. 3.2.1).

The most comprehensive fraction of this thesis is chapter 4. Here, most parts of
the experimental setup are explained in great detail and preliminary measurements
and improvements that were carried out during this thesis are given. First, after an
introduction on the environment around ArTEMIS, the cryogenic setup (Sec. 4.2) is
depicted, followed by the housing of the electronics and the various detection de-
vices in section 4.3. The non-destructive ion motion detectors, the resonators, are
explained in section 4.3.1, with a focus on the measurements of the resonator-
frequency shifting varactor diode in high magnetic field strengths and cryogenic
temperatures. Section 4.4 is dedicated to the microwave system for generating a fre-
quency of 65 gigahertz and describes the development of the hybrid-design and the

3



test-measurements that were conducted in a tabletop-experiment. Afterwards, the
double Penning trap, the heart of ArTEMIS, is presented in section 4.5. An improve-
ment was implemented by using an indium tin oxide coated, conductive window as
an endcap (Sec. 4.5.1). Finally, in section 4.5.2, the in-trap production of medium
highly charged ions, such as argon, is explained.

Chapter 5 reports about the measurements that were performed in the 2016 mea-
surement time. It starts with an overview of the data acquisition by the LABVIEW
experiment-control software and the charge-to-mass spectrum as the most common
technique of acquiring data (Sec. 5.1). The ion creation is introduced in section 5.2
and different types of created ion clouds with their corresponding parameter sets are
depicted. Cooling of axial motional frequencies is investigated, and also the concept
and application of magnetron centering is presented (Sec. 5.3). Together with some
peculiarities of the creation trap, a value for the vacuum condition in the Penning
trap is estimated in section 5.4 and additionally, the magnetic field in the creation
trap is indirectly measured (Sec. 5.7). After describing some investigations that were
carried out on the ion transport (Sec. 5.5), the successful transport of an argon ion
cloud is reported in section 5.6. The chapter closes with the preparation of a cool,
pure Ar'** ion cloud by the SWIFT-technique which is used to remove all unwanted
species from the trap (Sec. 5.8).

Finally, a summary with proposed improvements and an outlook for the future of
the ARTEMIS experiment is given in chapter 6.

4 1 Motivation and Introduction



2 The g-Factor as a Test for Quantum
Electrodynamics

One of the fathers of QED, Richard Feynman, invented pictorial representations in
the form of diagrams for the mathematical expressions that describe QED effects in
the framework of a perturbative expansion in the fine-structure constant a. These
diagrams follow specific rules and with their help complex processes can be illus-
trated. Figure 2.1 shows one of his first ‘Feynman-diagrams’ from a publication in
1949 [19]. Although they are nowadays drawn in a more stylized way, their basic
features are still the same. The figure shows the process of electron-electron inter-
action (the time elapses from bottom to top): the right electron, drawn as a straight
line, emits a virtual photon, shown as a wavy line that is absorbed by the other
electron — the two electrons repel each other through Coulomb interaction. Since
figure 2.1 contains two vertices (the two points of emission and absorption are called
vertices) and each vertex contributes with 4/a. This diagram represents the first or-
der in a. With the help of Feynman-diagrams the basic processes occurring in QED
will be demonstrated, first, in the case of the g-factor of the free electron and then
in the framework of BS-QED for an electron in a many-electron system, bound to a
nucleus. Nevertheless it should be noted that this is just a brief phenomenological
view, much more details can be found in [20, 21].

VIRTUAL K4 (4,6)

TIME QUANTUM

5,(5%) ¥
K,(5,1) \ k,(6,2)

ELECTRONS

Figure 2.1: One of the first ‘Feynman-diagrams’ published by Richard Feynman in 1949,
depicting electron-electron interaction. Picture taken from [19]: The time elapses from
the bottom to the top. Electrons are drawn as straight lines, photons as wavy lines. The
right electron emits a virtual photon that is absorbed by the other electron, thus the
electrons repel each other by Coulomb interaction. The diagram contains two vertices,
at position ‘5" and ‘6’, therefore it represents the first order term in the expansion in a.




2.1 The g-Factor of the Free Electron

The electron magnetic moment in terms of the Bohr magneton u,/uz = —g./2 can
be expressed by

gs/2 =1+ aQED(a) + Ahadronic T Aweak> (2'1)

where the leading term 1 comes directly from Dirac’s equation; aggp results from
QED calculations, adding roughly 0.1%; a}.4ronic cOmes from the interaction of
the electron with hadron-antihadron pairs, giving a 2 ppt contribution; a,,.,; takes
into account Feynman-diagrams containing at least one virtual W-boson, Z-boson, or
Higgs particle, its contribution is even smaller and can be neglected for the precisions
achieved [21]. In order to calculate aggp, an expansion in orders of the fine-structure
constant a = e2/ (4 meyhc) ~ 1/137 (e is the elementary electric charge, €, the vac-
uum permittivity and c the speed of light) is derived:

agep(a) = C, (3) +C, (2)2 + Gy (3)3 + Cg (3)4 + Cyg (3)5 +eee (2.2)

Y T /i /i /i

In this series, since a &~ 1/137, the contribution of the summands decreases with
increasing order. These summands correspond to different orders of Feynman-
diagrams. The first coefficient C, was calculated by Schwinger in 1948 to be 1/2.
The corresponding diagram for this first order can be found in figure 2.2, showing an
electron moving through time. Please note that in all following Feynman-diagrams
the time axis points from left to right. After emitting a virtual photon, an interaction
with an external magnetic field happens, then the virtual photon is reabsorbed. This
effect is called vertex-correction and is the only process possible in first order of a
(therefore the only process with only two vertices). The dashed line always shows
the interaction of the electron with an external (magnetic) field (of the Penning trap
in this case).

For the next higher-order coefficient C,, all diagrams with four vertices need to
be computed. Figure 2.2 shows the respective seven diagrams. They can be divided
into vertex-correction/self-energy and vacuum polarization. It is often called vertex-
correction, when the interaction with the magnetic field happens during the time
when the photon is emitted and self-energy when it happens before or after the
emittance and re-absorption’. Vacuum polarization on the other hand describes a
process where a virtual electron-positron pair is created for a short period of time
(due to Heisenberg’s uncertainty principle this is consistent with the conservation
of energy). With higher orders, more possible combinations arise, therefore, for
the next terms Cg, Cg, and C;,, 72, 891, and 12 672 Feynman-diagrams have to be
computed.

1 The literature is not always consistent with these definitions. Since self-energy is the more com-

prehensive term, it will be used later in this work as a synonym for both effects.
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SECOND ORDER IN a

vertex correction and self energy

FIRST ORDER IN a e fT e e }»3 Jii_?;

Schwinger term

+ & i“% . % + HIGHER ORDERS

A

vacuum polarization

A

Figure 2.2: Feynman-diagrams for the first- and second-order QED contributions of the
magnetic moment of the free electron. For the first-order effect, the so-called Schwinger
term is shown. For the second order, all possible diagrams with four vertices contribute.
The corresponding effects are self-energy and vacuum polarization. Self-energy describes
an electron emitting and absorbing a virtual photon. Vacuum polarization is due to the
creation of a virtual electron-positron pair for a short period of time. Please note that
the time evolution axis is always from the left to the right.

2.2 The g-Factor of the Bound Electron

For an electron bound to a nucleus the gyromagnetic factor g; is defined similarly to
&s by [21]:
bj i en
.+ = with = —, 2.3
Up h Ko 2 me ( )

but with the total angular momentum j = T+§, which is the coupled orbital angular
momentum, and the spin of the electron. In an external magnetic field B= (0,0,B)
this leads to a splitting of energy:

AE=hw; =g;ugB, (2.4)

with w; = 27 v; being the so-called Larmor frequency which originates from the
precession of the electron spin due to its magnetic moment around the magnetic field
lines. Figure 2.3 shows a schematic of this process.

Additionally, the ion also experiences a force that leads to a circulation around the
magnetic field lines with the frequency w, (called cyclotron frequency):

_QB

VK (2.5)

W,

with the total charge of the ion Q and its mass M.
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Figure 2.3: A highly charged ion with one electron orbiting around the nucleus circulates
perpendicularly to the magnetic field B with a frequency w,.. The electron, due to its
spin, precesses around the magnetic field lines with the Larmor frequency w; .

With this cyclotron frequency (which will be explained in more detail in sec-
tion 3.2) the magnetic field strength can be determined to a high precision and the
g-factor can be expressed by a ratio of the two frequencies w; /w.,:

_hw, Ao Q _zwLQme
ug B

; = . 2.6
& ug w, M w. Me (2.6)

2.2.1 Bound-State QED

The theory of bound-state QED requires some modifications to the QED calculations
used for the free electron. Due to its complexity only the basic ideas can be described
here; for an overview of the theoretical methods developed in the past years, refer to
[22].

Calculations of the g-factor of the bound electron start again with Dirac’s equation,
giving the leading-order Dirac-Breit term gp, in

& = 8&p + Agorp + A&int + A&sorp T A&nuc- 2.7)

The other terms account for the different effects that have to be taken into consid-
eration and will be explained further. Therefore, figure 2.4 gives a schematic drawing
of the different Feynman-diagrams that need to be computed.

8 2 The g-Factor as a Test for Quantum Electrodynamics
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Figure 2.4: Schematic for the different contributions to the g-factor for a many-electron
system that is calculated in the framework of bound-state QED. The last summand, Ag,,c
represents the nuclear recoil, finite nuclear size and nuclear polarization corrections.
More information about it and about the other summands is found in the text.
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In Feynman-diagrams for BS-QED, an electron is drawn with a double solid line,
indicating the electron always propagates in the Coulomb field of the nucleus. This
is why for every Feynman-diagram e.g. self energy, vertex corrections or vacuum
polarization, an expansion in a Z has to be made, where a ~ 1/137 is again the fine-
structure constant and Z is the electric charge state of the ion. This is shown in the
lower end of figure 2.4. With Z roughly in the order of 1/a this expansion cannot
be treated by perturbation theory anymore. Nevertheless, it is needed to separate
the leading-order terms. These terms are formally ultraviolet-divergent and need to
be treated differently in order to get a finite result [21]. The remaining higher-order
terms are then, by the formula, summed and can then be calculated.

Agorp, the QED corrections: the QED corrections are quite analogous to the case
of the free electron; again an expansion in a is made. Note that this time, already in
the first order, six Feynman-diagrams have to be calculated. For vacuum polarization
this can be divided into electric-loop (the upper two) and magnetic-loop (the lower
one) contributions. For the second order the complexity also rises more strongly than
in the free-electron case; a total of 50 diagrams need to be computed.

Agi.:, the interelectronic-interaction corrections: the interelectronic-interaction
corrections result from the exchange of photons between the electrons. The correc-
tions are in the order of (a Z)?/Z™; with n being the number of exchanged photons.
They are suppressed by ~ 1/Z as an effective expansion parameter. If there are
more than two electrons, also many-electron photon exchange has to be taken into
account.

Ag.orp, the screened QED corrections: the screened QED corrections account
for the Feynman-diagrams for many-electron systems that contain vacuum polariza-
tion and self energy. They contribute to the screening of the one-electron QED effects.
Since the accuracy of calculating this effect worsens for lower Z, for Ar'** an alterna-
tive ansatz to this rigorous evaluation has to be taken by computing the one-electron
QED corrections with a screened potential [21].

Agnuc, the nuclear recoil, finite nuclear size and nuclear polarization cor-
rections: nuclear recoil, finite nuclear size, and nuclear polarization corrections
originate from various assumptions that had to be made beforehand: a finite nu-
clear mass was not considered in the previous calculations, taking it into account
leads to nuclear recoil. The finite nuclear-size corrections stem from the modifica-
tion of the nuclear potential because of the nuclear charge distribution and can only
be calculated with a high uncertainty [23]. Nuclear polarization is only a small con-
tribution stemming from the virtual excitation of nuclear energy levels, nevertheless,
it can limit the theoretical accuracy [24].

In the case of boron-like argon, Ar'3*, the methods and values that have been
calculated can be found in [25], with an additional emphasis on nuclear recoil in
[26]. Their contribution to the total value of the g-factor in Ar'3* can be found in
figure 2.6.
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2.2.2 Ar'3* as a First Candidate

As a first candidate for a measurement in Artewmis, boron-like argon, *°Ar'3*, is cho-

sen. The term ‘boron-like’ depicts that there are five electrons left, with two closed s
shells and a 2p valence electron. Due to spin-orbit coupling (LS-coupling) there is a
fine-structure doublet with the levels 22P; /2 and 22p, /2- Additionally, due to the mag-
netic field of the Penning trap, also Zeeman splitting takes place. A Grotrian-diagram

of the energy levels in Ar*®" is given in figure 2.5.

Laser-Accessible Transitions in HCI

Due to the high electromagnetic fields an electron is exposed to in highly charged
ions, the fine-structure (FS) and hyperfine-structure (HFS) transitions are shifted
to much higher energies compared to singly-charged ions. For hydrogen-like and
other few-electron systems the energy of the HFS scales like Z> and the fine-structure
splitting like Z* [27]. Therefore, potential candidates for optical transitions are in
the medium Z range in case of the fine-structure splitting and in the high Z range
in case of hyperfine-structure splitting. For Ar'3* the fine-structure splitting between
2%p, /2 and 2%p, /2 has an energy of around 2.8 eV with a corresponding wavelength of
441.25575(17) nm [28]. It is a magnetic-dipole transition and the 2P3 /2 €xcited state
has a lifetime of 9.573(6) ms [29]. For a more complete list of other publications as
well as theoretical values please see [18].

mj=+3/2

Figure 2.5: Grotrian-diagram for the *P; /, - °P3, transition in Ar'>*, in blue depicted are

the optically accessible fine-structure transitions with a wavelength of approximately 441
nanometer. The red arrows mark the Zeeman-splitting transitions due to the 7 tesla field
of the Penning trap. The Larmor frequency v; of the lower transition (v,;) is around 65
gigahertz, whereas the three upper transitions (v,, v, v.) have a frequency of around
130 gigahertz.
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The g-factor of Ar!3*

Using Dirac’s theory, the leading-order term gp that contributes most can be com-
puted for a hydrogen-like ion with a point-like nucleus [11]:

_K(ZK_]-) . K (aZ)Z . (. j+l+%(. 1)
S 2j(+1) (1 2k—1 2 ) with & =(-1) ity) @8

&p

where n, [ and j are the principal quantum number, the orbital angular momentum
and the total angular momentum, respectively. For hydrogen-like argon with Z = 18,
n=2,l=1and j=1/2 and 3/2 it yields

2 1
g1p=-—=(aZ)+---~0.6638,
3 6 2.9)
42 2 1.331 '
—_ - Z + ... 1. .
83/2 3 15(0‘ )

This is already a very good approximation to the values given in [26]. The next
corrections start from 1072, In figure 2.6 the theoretical calculations of different
contributions for the combined g-factor g = 3 g5/, — g1/ are shown. By measuring
g to different levels of accuracy, more and more theoretical aspects of bound-state
QED come within reach to be tested.
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Figure 2.6: The absolute theoretical contributions to the g-factor of boron-like argon.
The Dirac value, which can be solved analytically, contributes the most. QED effects and
many-electron effects, such as photon exchange only contribute on the level of 1072.
Data taken from [26].
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2.3 Double-Resonance Spectroscopy

ArTEMIS, complementary to other g-factor experiments with Penning traps, does not
measure the Larmor frequency v; by the technique of the continuous Stern-Gerlach
effect [30], but with the so-called ‘double-resonance spectroscopy’. In this section the
basic idea behind this technique is outlined. For a more detailed view, see [16, 17].

The double-resonance technique already has been applied to free atoms in the
early fifties [31]. Henceforth, with the availability of lasers the technique made its
way as a common tool for spectroscopy with two frequencies available in a three-level
system [32].

2.3.1 Measurement Scheme

Figure 2.7 gives an example of how to measure the Zeeman-splitting energy via
double-resonance spectroscopy in ARTEMIS: a closed optical cycle is probed by a laser
with frequency v, leaving roughly half of the population in |3/2,4+3/2). The fluo-
rescence light is detected via a photon counter or a camera (see section 4.3.3). A
tunable microwave field is shone into the trap. If the microwave comes into reso-
nance with the upper Larmor frequency v,, |3/2,+1/2) is populated. Two decay
channels are possible — either a decay in |1/2,4+1/2) orin |1/2,—1/2). The latter is a
dark state, populating it will result in a loss of fluorescence and therefore indicating
that the microwave is into resonance with v,,.

m,=+3/2

—ayi
m=+1/2

2 )

I:’3/2

probe

2P1/2 m;=+1/2
m;=-1/2

Figure 2.7: Level structure showing one example for double-resonance spectroscopy in
Ar3* | by measuring the Zeeman transition v,: a closed optical cycle is probed by a
laser with frequency v¢ while the fluorescence light is detected. Meanwhile, a tuned
microwave is shone in, which will, when coming into resonance with v, result in a
population of the dark state |1/2,—1/2) and therefore in a loss of fluorescence.
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2.3.2 Higher-Order Zeeman Effect

Since the ions are stored in a magnetic field B of 7 tesla, Zeeman splitting occurs.
This splitting is equidistant in the first-order approximation, but, for higher orders,
this symmetry is disturbed by nonlinear magnetic field effects. The shifts of each
level can be calculated within perturbation theory by [16]:

E,(B)=E®(B)+ AE" (B)+ AEP (B) + AEP (B) + - -, (2.10)

where |A) = [j,m;) is the 22P]- state with angular momentum j and its projection

m;, and Elgo) is the energy in absence of magnetic field. The first-order shift already
relates the Larmor frequency v, to the g;-factor:

AES) (B)=hv, = g;m;ugB. (2.11D)

Higher order contributions have been calculated for the case of Ar'3". Their fre-
quency shifts can be seen in figure 2.8. Exact values for these calculations can be
found in [18].

mJ=+3/2
) mj=+1/2 ~130 GHz
J= p
p——i mi=-12 __*319MHz 130 GHz
2P mi=-32 _+74kHz | ~130 GHz
—_— AEgs )
R ~441 nm
. mj=+1/2
R N VAL
: B ~65 GHz
j=1/2 mj=-1/2
1st order
FINE STRUCTURE ZEEMAN EFFECT
Figure 2.8: Higher-order Zeeman level structure for boron-like argon Ar'3*, not to scale.

The fine-structure energy splitting in the optical range (accessible by a blue laser of
441 nm) and the Zeeman splitting with the higher order shifts of the frequency v; are
shown. The splittings are accessible by microwaves. With the expected accuracy of a few
hertz for the current setup, even some parts of the third-order Zeeman effect should be
measurable.

For a final measurement of the g-factor of boron-like argon and all higher-order
Zeeman shifts, the transition frequencies have to be disentangled by measuring var-
ious optical frequencies and Zeeman levels. The possible transitions were shown in
figure 2.5. Schemes for this disentanglement and how to measure them are outlined
in great detail in [18, 16].
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3 The Penning Trap

To enable g-factor measurements of highly charged ions via double-resonance spec-
troscopy, ARTEMIS is using a Penning trap, a tool that allows confinement and ma-
nipulation of ion clouds. Externally or internally produced ions can be stored in an
ultra-high-vacuum environment for weeks and with different techniques, the cloud
can be cooled and purified, such that only desired ion species remain in the trap.
The Penning trap is a widely used tool for high-precision experiments, its principal
technique of combining a magnetic and an electric field in order to confine charged
particles was already developed in the 1930s by EM. Penning. Nevertheless, using
the technique for storing charged particles in order to investigate them was first done
by H.G. Dehmelt who was rewarded one quarter of the Nobel Prize in 1989 ‘“for the
development of the ion trap technique’ [5]. In this chapter the principal theory of
Penning traps and their further development is presented. A focus is on the motions
that charged particles perform and how these motions shift in frequency due to var-
ious effects. This chapter is based on [21] which is recommended for more details
about Penning traps and their applications.

3.1 The Principal Design

A charged particle is confined in a Penning trap by the superposition of a homo-
geneous magnetic field B = (0,0, B) with an electric quadrupole field E = —V&
(with the potential ® given in equation 3.1). When trapped, the charged particle
can perform three independent motions. They are described in section 3.2. These
motions are only independent for a single charged particle and in the case of a per-
fect quadrupole electrical potential, a perfectly ‘harmonic’ trap. This condition is
satisfied the most by a precisely machined hyperbolically shaped electrode trap.
But already small errors in machining or also necessary variations, such as holes and
slits for optical access or particle loading, will distort the quadrupole potential hence
introducing anharmonicities. The electrostatic potential near the trap center can be
written by the expansion [33]:

(e 0]

¢ = UTZCk (%)kpk(cos 0) 3.1

k=0

where P;(cos 0) are Legendre polynomials of the k-th order, cos 6 = z/+/p2 + 22,
with p and z being the radial and the axial distance to the trap center. The character-
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istic trap dimension d is dependent on the parameters p, and 2, shown in figure 3.1.

d? = —p(z) + =22 (3.2)

The C, coefficients are 0 for odd terms if the trap has electric symmetry with
respect to the trap center. C, is an overall potential offset and has no effect on the
ion motion; C, represents the harmonic potential and would be the only non-zero
factor for an ideal quadrupole trap. Due to imperfections C, and Cg will distort the
harmonicity, keeping them as small as possible is achieved by ‘compensation’. Terms
above Cg may be neglected due to their contribution being below the experimental
resolution [21].

' .

1 axis of
| rotation
:

Figure 3.1: Cross-section of a Penning trap with hyperbolically shaped electrodes, indicat-
ing the radial and axial trap parameters p, and z.

An alternative to hyperbolically shaped electrodes is a combination of a cylindrical
electrode® at a potential U, with two flat endcaps as shown in figure 3.2(a). With
the correct ratio of p, ~ 1.203 z, the potential can be shaped such that it mimics
a harmonic quadrupole potential (C, = 0) - it is mechanically compensated [34].
In order to further shape the potential and correct anharmonicities, compensation
electrodes with tunable potential U, can be added (Fig. 3.2(b)) and thus present an
electrically compensated trap. C, and C, can therefore be written as:

U U,
Cy=C+ Dy = and Cy= c®+ Dy = (3.3)
T T

with CEO), C f‘o) and D,, D, coming from the trap geometry, as explained in [33].
U, /Uy is called the ‘tuning ratio’. If the frequencies of ion motion are independent of
this tuning ratio, one can speak of an ‘orthogonalized’ trap.

In order to get optical access or for proper loading of particles, at least one of
the endcap electrodes has to be an open-endcap tube [33]. An example of this
can be seen in 3.2(c). By choosing the correct geometry (z, ~ 4 - z,, for 2, ~ p;)
orthogonalization is also possible. The trap used in the ARTEMIS experiment mixes

! This electrode is often referred to as the ‘ring electrode’
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(a) mechanically (b) electrically (c) electrically
compensated compensated compensated
- closed endcap - closed endcap - open endcap

Figure 3.2: Cross-section views of different Penning trap types. (a) The mechanically com-
pensated trap is made harmonic by choosing the correct ratio of radius p, and axial
distance z,. (b) The electrically compensated trap includes two additional compensa-
tion electrodes, shaping the potential for better harmonicity. (c) The closed endcaps are
replaced by open endcap tubes, where z, denotes the height of the compensation elec-
trodes and z, the gaps between the different electrodes. The length of the tubes is given
by z, ~ 4z, (for 25 ~ py).

many of these concepts paired with some novel ideas (for example the ‘asymmetric
trap’, Sec. 4.5), forming a ‘double trap’ [35]. It combines two individual Penning
traps that serve different purposes, i.e. a creation trap (CT) designed for higher
energy ion creation and a tunable highly harmonic spectroscopy trap (ST). Further
explanation of the specific design of ArTEmIS can be found in section 4.5.

Penning traps have proven to be an important tool in physics and over the past
years many variations of the basic idea have been invented, such as small modifica-
tions like the hybrid design, a toroidal ring electrode with cylindrical compensation
and endcap electrodes [36] or even more extreme, by making the trap completely
two dimensional, in the form of a planar trap [37, 38].

3.2 lon Motion

In a Penning trap, an ion with mass M and charge Q can perform three indepen-
dent oscillatory motions: an axial motion with frequency w, in the potential Uy;
a modified cyclotron motion with frequency w, and the magnetron motion with
frequency w_ due to the E x B drift. The theoretical derivation of these motions from
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the Lorentz force can be found in many textbooks (for example in [39]), resulting in
the three equations for the corresponding frequencies:

_ QUO _ QCZUT _wc W 2 ws
”Z—QWNW md o= E\(F) -5 e

where U; is the (applied) trap voltage, d the characteristic trap dimension, C, the
trap coefficient as introduced in equation 3.1 and w, is the free cyclotron frequency,
directly proportional to the magnetic field B as introduced in section 2.2:

Q

w. =B, (3.5)
Note, that without an electrostatic potential, a charged particle exposed to a mag-
netic field would spiral with a cyclotron frequency w,.. By superimposing with the
electric field the free cyclotron frequency w, is reduced to the modified cyclotron
frequency w, . Usually, their magnitudes follow the hierarchy w. > w, > w, > w_.
The free cyclotron frequency can easily be calculated by w, = w, + w_. However,
this relation is only correct in an ideal case. A better way to obtain w, is via the
Brown-Gabrielse invariance theorem [40] which is more robust against first-order
trap imperfections (for example a slight tilt in the magnetic field as it is described in

the see next section). Therefore, w. can be estimated by:

wcz\/w§+wi+w3. (3.6)

In section 5.7 this relation will be used to estimate the cyclotron frequency in one
of the traps of ArTEMIS by measuring w, .

The corresponding amplitudes A for the three different motions are given by:

2E_
and A% = 3.7)

2 EZ dz’ A2 = 2E+ 2 2 )
M (w_ — coz/2)

A=
* QG Ur T M (w?—w?/2)

where E,, E, and E_ are the kinetic energies of the ion motions, directly related
to their temperatures® by E = %kB T. Please note that the magnetron motion is
unbound, resulting in a negative energy (Sec. 3.2.2). Table 3.1 gives the theoretical
frequencies and amplitudes for a single Ar'** ion in the two different traps, calculated
with the previous formulas for a given set of parameters. Figure 3.3 depicts the
corresponding motion of the ion.

2 The concept of temperature can be applied for a cloud of ions since the trapped particles are

in thermal equilibrium with the environment (an infinite thermal bath) and therefore follow a
Boltzmann distribution. For a single particle a temperature can still be defined due to the ergodic
hypothesis: the time average of a statistical quantity has the same behavior as the ensemble
average of that quantity [41].
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Table 3.1: Calculated frequencies and amplitudes for an Ar'3* ion in the creation and
the spectroscopy trap, respectively. A temperature of 4 kelvin is assumed. The values
are calculated with the actual axial frequencies of the resonators from table 4.1, a trap
voltage of U; = 55V for the CT and U; = 39.3V for the ST, and the trap parameters
from table 4.14.

Creation Trap Spectroscopy Trap

Frequency Amplitude Frequency Amplitude
w, =2m x737kHz A, =62um w, =271 x694.5kHz A, =8.7um
w, =21 x34.9224MHz A, =02um w,=21x349283MHz A, =0.2 pm
w_=2mx7.8kHz A_=12um w_=21x6.9kHz A_=13um
w, =27 x 34.9302 MHz w, =27 x 34.9352 MHz

S
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Figure 3.3: Trajectories of the three independent ion motions for a single Ar'3* jon in
the creation trap. The frequencies and amplitudes are to scale, according to the values
calculated in table 3.1. For every magnetron oscillation around 90 axial oscillations take
place and for every axial oscillation, the ion circulates 50 times according to the reduced
cyclotron motion.
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3.2.1 Frequency Shifts

In a non-ideal Penning trap, shifts of the motional frequencies can occur, for example:
higher-order terms in the electric and magnetic field, effects due to relativity, image
charges and in many-ion systems also space-charge effects. A theoretical treatment
with classical perturbation theory of these shifts in single-ion systems can be found
in [42]. For many-ion systems a detailed description of the frequency shifts is given
in [21].

Trapping-Field Imperfections

Trapping-field imperfections cause the most relevant frequency shifts, stemming from
the deviation of the homogeneous magnetic field by introducing a quadratic compo-
nent B,, and from the quadrupolar electric field by having a non-zero C,. For these
energy-dependent shifts, twelve dependencies (four frequencies, including w; and
the three motional energies E,, E,, E_) can be found in [43]:

Aw,/w,

E
Aw,/w, | +
e e | = e+ Mp) g (3.8)
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where 1) = w,/w, which is typically in the order 1072, therefore the contribution
of higher order terms of 1) are negligible. The three most relevant dependencies for
the axial frequencies are:
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Field Alignment

Other effects that can distort the motional frequencies are either a tilt in the magnetic
field axis — the trap axis in the z-direction has an angle 0 relative to the magnetic
field lines; or a non-vanishing ellipticity e of the electric field, breaking its rotational
symmetry [40]. The modified frequencies then are given by:

1 1
W, N w, (1 ~2 (3 + €)sin? 9) and o) ~w,+ 2@~ (3+¢€)sin?0.  (3.12)

Although these imperfections are neither avoidable nor negligible, the Brown-
Gabrielse invariance theorem can still be applied.

Space-Charge Effects

When trapping more than a single ion, frequency shifts due to the ion cloud have
to be taken into account. For example, space-charge effects of the ions alter the
effective trapping potential: with an amount of positive charges the negative trap
potential is partially compensated — decreasing the trap depth and deforming the
trapping potential. This results in a change of the ions’ oscillation frequencies. It
also gives a maximum amount of charges that can be confined. The equations for the
frequency shift by space-charge effects can be found in [44]:

w? w 2w\ 22
W =wAll-=—2 and w,=—[1£\|1-[1+—2)—=2], (3.13)
3w? 2 3w2 ) w?

where w), is the plasma frequency w, = (Q*n)/(ey M), n is the ion number density
and €, and M again the vacuum permittivity and the ion mass, respectively. By
examining the square roots, two conditions can be deployed which can be used to
get the maximum achievable ion density, called the Brillouin limit [21]:

max

GOBZ

A (3.14)

This Brillouin limit can be reached by the confinement condition 2 w? < w? [45].

3.2.2 Quantized Motions

The three ion motions are essentially harmonic oscillators and can be quantized. This
is for example performed in [46] and yields the total energy as a sum of three modes
dependent on their occupation numbers n,, n, and n_:

Etotal = hwz (nz + %) + hw+ (Tl+ + %) - hCz)_ (n— + %) . (315)
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Note that the magnetron motion has a ladder of negative energy states due to
the unbound magnetron motion which is an unstable drift in the E x B field —
decreasing the energy of the motion will increase its amplitude (see equation 3.7). A
level scheme for these energies is given in figure 3.4.

n,=2 -

n_=0
n.=1
n.=2
n.=0
n.=1
n.=2
Reduced :
Cyclotron Axial Magnetron
Motion Motion Motion

Figure 3.4: The level scheme for the quantized energy states of the three ion motions
with their quantum numbers n,, n,, n_ and the related frequencies w, > w, > w_.
Since the magnetron motion is unbound, it has a ladder of negative energy states. The
different energies are not to scale.

3.3 Resonant Detection Circuits

The motion of the ions can be measured non-destructively by highly sensitive detec-
tion systems: electrical resonant circuits (RLC-circuits) provide a detectable signal
when their eigenfrequency is in resonance with the ions’ motional frequency. This
section gives an introduction to the basic concept; for a more detailed overview, re-
fer to [47]. The detection systems used in ArRTEMIS are presented in section 4.3 and
more details about how they can be used for cooling ion motions are presented in
section 5.3. In ArTEMIS, two of the three motional frequencies can be measured di-
rectly, the axial frequency w, and the reduced cyclotron frequency w, .

A moving charged particle between two electrodes induces an image current [48]:

Q. Q
I,= p%i = @ p % (3.16)
where Q is again the ion’s charge; z; is the ion’s coordinate and w, the corresponding

frequency. D is the effective electrode distance, a measure of the coupling strength
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of the detection electronics to the ion and it depends on the trap geometry as well
as on the pick up design. It is introduced in [49] and will be further characterized
for ArTEMIS in section 5.3. The image current is usually in the range of femto- to
picoampere, hence difficult to measure. Therefore, a resonant circuit can be used. If
the motion of the ion is in resonance with the eigenfrequency w of the circuit, the
current is converted to a voltage drop that can be measured with a spectrum analyzer.
A schematic of the resonant detection system for ion-motion-frequency detection is
given in figure 3.5.
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Figure 3.5: Schematic of the resonant ion-detection system. Moving ions between the
electrodes induce a picked-up image current. If the motional frequency is in resonance
with the eigenfrequency of the resonator, the frequency-dependent resistance results
in a voltage drop. This voltage is further amplified by low-noise cryogenic and room-
temperature amplifiers and then displayed by a spectrum analyzer.

Connecting an inductance L to an electrode together with the self-capacitance C,
will act like a parallel LC-resonator with the frequency

1

Wo = . (3.17)
VLG,
In resonance it also has a parallel ohmic resistance of
L
Ry, = Qres\| = = Queswo L, (3.18)
Cp

with Q,.s being the ‘quality factor’ of this resonator. It is a ratio of the total en-
ergy in the circuit and the resistive energy loss per radian and can be estimated
experimentally by:
_ %o
Qres - A&),
where Aw is the —3 dB width of the spectrum.
The frequency-dependent resistance results in a frequency-dependent voltage
drop:

(3.19)

U, =R, I, =QuswoL1, (3.20)

which must be further amplified by additional low-noise cryogenic and room-
temperature amplifiers, in order to be detectable.
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4 Investigation of Argon lons in the
ARTEMIS Apparatus

This chapter gives an overview of the apparatus of the ArTEMIS experiment, with
specific focus on the microwave implementation, the improvements of the detection
electronics, and the new conductive window in the spectroscopy trap. It comple-
ments the discussion of the optics setup and the laser system in [50], the filterboards
and the Penning trap in [18], the gas injection system in [51], and the cryogenic
setup in [52].

The ArTEMIS experiment is located at the facility of heavy-ion research, the ‘GSI
Helmholtzzentrum fiir Schwerionenforschung’ in Darmstadt, Germany (Fig. 4.1).
This facility has an exceptional accelerator structure, capable of providing nearly
any ion of interest. Since further ionization of heavy highly charged ions needs ex-
tremely high energies, they can only be produced in sufficient amounts by shooting
ions at high velocities through thin foils, hence stripping off unwanted electrons. In
order to conduct high precision experiments in Penning traps, these ions have to be
decelerated and cooled again in the Hitrapr-deceleration facility [13] to which, in
the future, ArRTEMIS will be connected (Sec. 4.6). Until this connection is finished,
medium-heavy highly charged ions can be produced inside the trap (Sec. 4.5.2).

S

lon
Sources

UNILAC

100 m

Figure 4.1: Overview of the ‘GSI Helmholtzzentrum fiir Schwerionenforschung’ facility.
lons produced in the ion sources are accelerated in the linear accelerator UNILAC and the
synchrotron accelerator SIS18. They are then transferred to the experimental storage ring
ESR, where they are cooled and then extracted into the HiTRAP decelerator. There the
ions are cooled almost to rest until they are transferred to the experiments, for example
ARTEMIS. Figure taken from [53].
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Since the high precision measurement of magnetic moments described in chapter 2
requires a strong homogeneous magnetic field, ArRTemis utilizes a 7 tesla supercon-
ducting solenoid magnet (Sec. 4.1). Magnetization of surrounding materials might
distort this magnetic field, therefore the magnet is mounted on an aluminium frame
and in order to provide access to the top, a wooden tower surrounds the experiment.
A CAD drawing of the tower built around the superconducting magnet is shown in
figure 4.2(a). The magnet contains a vertical ‘warm’ bore into which the cryogenic
part of the experiment is inserted. This part can be modified outside and is then
inserted into the magnet via a hoist on top of the tower. The cryogenic part of
the experiment (Fig. 4.2(b)) can be divided into four main sections: the cryocooler
(Sec. 4.2), a two-stage refrigerator from which the experiment is suspended, capable
of reaching temperatures down to 4 kelvin; the cryo-electronics housing with the de-
tection units, the excitation parts, and the filterboards (Sec. 4.3); the trap chamber
(Sec. 4.5), containing the double Penning trap that consists of the creation trap (CT)
and the spectroscopy trap (ST); and finally, the gas injection for in-trap ion produc-
tion (Sec. 4.5.2) which will be replaced in the future by a connection to the HiTRAP
beamline (Sec. 4.6).
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Figure 4.2: (a) CAD drawing of the superconducting magnet mounted on an aluminium
frame, surrounded by a wooden tower to avoid distortions of the magnetic field. A
cutout is applied to show the inner part of the experiment. (b) The inner part of the
experiment. With a cut in the 45K shield and the trap chamber to show the electronics
and the trap. The different parts are explained in the following sections.
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4.1 Magnet in the Wooden Tower

To provide the magnetic field for the Penning trap, a 7 tesla (7 T) superconducting
magnet from VaRriaN is used, comprising a superconducting niobium-titanium (NbTi)
solenoid which is cooled to a temperature of 4 kelvin by liquid helium. A liquid
nitrogen tank that has to be filled every two weeks protects the helium dewar from
boiling off too quickly — providing a hold time of the 300 liter containing helium
tank of almost one year. The magnet is operated in persistent mode, meaning it
was initially energized with a current of 210 A in 2009 and is operating since then.
The magnetic field has a highly homogeneous region with a central field strength of
7.0 T'and a specified homogeneity of better than 0.1 ppm over a volume of one cubic
centimeter. Around the center is a cylindrical volume of 0.5 cm diameter and 10 cm
length with a denoted homogeneity better than 10 ppm [18]. The high homogeneity
is reached by additional shimming coils that were powered and adjusted when the
magnet was initially set up.
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Figure 4.3: Magnetic field plot in the negative z-direction along the z-axis. The distance
is given in centimeters from the magnetic field center. The points depict the theoretical
field, as it was designed by the company, and the current field, as it was measured after-
wards. The colored bars indicate the different electrodes of the Penning trap, they are to
scale, according to figure 4.27(b). The inset shows the magnetic field strongly decreasing
for longer distances from the field center. Please note, that for the field strength at the
field center the theoretical and the measured value have the same value.

Since there is a discrepancy between the measured values and the value of B= 7.003 T that was
also declared by the company, an additional measurement of the magnetic field strength must be
carried out in order to determine which information is correct.
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The magnetic field was designed and calculated by the company before this set-
up. After magnetizing and shaping the magnetic field, the company conducted a
measurement, yielding the current values for the field strength. Both sets of values
are plotted in figure 4.3, showing the magnetic field strength on the z-axis in the
negative z-direction (from the magnetic field center pointing to the bottom of the
magnet). The values near the magnetic field center only slightly differ between the
theoretical and the measured value; the highest difference of up to 0.003T is at a
distance of 28 cm. A more detailed discussion about the magnetic field in ARTEMIS can
be found in [54].

Since the Penning trap and the electronics cannot be accessed from the outside,
the complete cryogenic part of the experiment, consisting of the cryocooler with the
suspended trap chamber and detection housing (Fig. 4.2(b)), has to be removed
and disassembled, in order to do modifications or reparations. Therefore, for every
modification, a self-developed four meter high aluminium hoist has to be assembled
on top of the tower, since a permanent installation is not possible. When inserting
the over 100 kilogram heavy experiment, great care has to be taken of eddy currents
induced in the conductive parts of the experiment. Due to Lenz’s law the magnetic
field creates a counterforce which in the end will result in a force on the magnet’s
coils. Since these coils should never experience a force higher than 100 newton, a
scale is introduced, so care can be taken in not exceeding this value. Figure 4.4 shows
photographs of this procedure.

Figure 4.4: Procedure for inserting and removing the cryogenic parts of the experiment
for reparations and modifications: (a) The cryogenic part of the experiment is stored
on the intermediate floor of the wooden tower. After assembling the hoist on top of
the tower, a hole in the top-floor is opened and the cryocooler with the suspended trap
chamber and detection housing can be lifted. (b) After hoisting, a two axis rail is used
to position the load over the center of the magnet. (c) With a high gear-ratio pulley the
cryogenic part of the experiment is slowly inserted into the warm bore of the magnet.
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4.2 Cryogenic Setup

Most of the cryogenic setup has already been described in detail in the author’s
Diploma thesis [52]. The cryogenic part of the experiment, as shown in figure 4.2(b),
is not only for cooling the Penning trap and the electronics to a temperature of
4 kelvin — due to its massive copper pieces, it also acts as a scaffold. The cooling
is provided by a SRP-82B pulse-tube cryocooler from SumiTomo HEAvY INDUSTRIES
with a cooling power at the first stage of 40 W at a temperature? of 45K and a cool-
ing power on the second stage of 1W at a temperature of 4.2K. A 705mm long
oxygen-free high thermal conductivity (OFHC) copper rod is attached to the second
stage providing good thermal connection to the electronics and the trap chamber.

A set of 24 stranded copper wires with a total cross section of 240 mm? decouples
the vibrations induced by the cryocooler while still maintaining thermal connection.
The stranded copper wires are strained in a sandwich-like structure between indium
foils and copper plates (Fig. 4.5). For optimal thermal conduction the contact area
has to be as large as possible, this is assured by the indium which will fill the gaps
between the different copper strands. Indium is used since it comprises a relatively
good thermal conductivity with softness. Brass screws® are used to ensure a tight con-
nection since thermal conductivity between two surfaces in cryogenic temperatures
is dependent on the pressure with which they are pressed together [55].

Stranded
Copper Wires

Indium Foil

Electronics
Housing

Figure 4.5: Photograph of the stranded copper wires that decouple the vibrations of the
cryocooler while thermally connecting it with the experiment electronics. Indium foil
between the solid copper surfaces and the stranded copper wires provides good thermal
conduction even at low temperatures.

The trap chamber and the detection housing are encased by an aluminium tube
that is connected to the first stage of the cryocooler and therefore cooled to a tem-

2 Please note, that the temperature that can be reached is also dependent on the heat load and can

therefore also be lower than 45 kelvin.

Since the thermal expansion coefficient for brass is higher than it is for copper, the brass screws
contract more than the copper parts and therefore, the connection gets more tightened when
being cooled down.
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perature of around 30 to 45 kelvin. This tube is called the 45K shield and it is used
to block the heat radiation from the room-temperature warm surroundings from im-
pinging on the 4 kelvin cold parts. The Stefan-Boltzmann law relates the power P of
the heat radiation sent from a surface to its temperature T by P o< T*. Adding addi-
tional shields can reduce the heat load on the cryogenic parts due to heat radiation
and therefore, the aluminium tube is covered in ‘Coolcat 2’ superinsulation foil from
Ruac. This is a ‘10 layer (spot welded) lay-up from double side aluminized, 6 um
polyester film, interleaved with 10 layers polyester knit-woven spacer’ [56].

The trap chamber and the detection housing are suspended from the cryocooler
during assembly and insertion. Once the cryogenic part of the experiment is put
inside the magnet, it stands on a PEEK (PolyEther Ether Keton) pedestal with a low
thermal conductivity of 0.25W/(Km), on the lower flange of the magnet and it is
then vibrationally decoupled from the cryocooler [52].

To further decrease the heat load on the second stage, almost all cables are either
polytetrafluoroethylene (PTFE) or perfluoroalkoxy alkane (PFA) isolated constantan
wires, where PTFE isolation is chosen due to the low dielectric constant. Addition-
ally, cryogenic coaxial cables, with a brass inner conductor, a PTFE isolation and a
copper-nickel (CuNi®) outer shield are used for signal lines. Further, almost all lines
are thermally attached to the first stage of the cryocooler before they are thermally
connected to the second stage. To provide sufficient thermal contact combined with
electric isolation, ‘thermocouplers’ were built which consist of a sapphire disk against
which pins are pressed and glued by silver paste to provide a good thermal connec-
tion. Additionally, the thermocouplers make the cabling more modular, hence, the
detection housing and the trap chamber can be removed for inspection without the
necessity of redoing the wiring.

The detection systems for axial motion detection presented in section 4.3.1 contain
superconducting NbTi wires with a critical temperature of 6.5 kelvin at a magnetic
field of 7 tesla. To ensure that the critical temperature is not exceeded, additional
superinsulation foil covers the complete detection housing to improve the thermal
shielding.

In total, the cryogenic part of the experiment consists of around 15 kilograms of
copper, therefore, cooling it down to a temperature of 4 kelvin takes more than one
day. A warm-up cycle would take even longer (up to several days), but can be sped
up by injecting nitrogen into the vacuum or heating the trap chamber with a small
heating resistor, hence resulting in the same timescale.

4.3 Detection Housing and Trap Chamber

The detection housing and the attached trap chamber with the double Penning trap,
consisting of the spectroscopy trap ‘ST’ and the creation trap ‘CT’, are the core parts
of the experiment (Fig. 4.6(a)). The housing includes the two axial resonators with

*  CuNi alloys are not ferromagnetic and therefore can be used in the strong magnetic field.
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their cryogenic amplifiers (Sec. 4.3.1); the cyclotron resonator with cryogenic am-
plifier and varactor diode board (Sec. 4.3.2); the cryogenic filterboards; the antenna
for irradiation of the microwaves (Sec. 4.4) and the optics system (Sec. 4.3.3). The
housing consists of two parallel rings that are connected by four rods containing sev-
eral holes with a diameter of 2 mm separated by 14.71 mm. These holes are used
to tightly connect the filterboards, the holders for the detection parts and the ther-
mocouplers. Two cryogenic filterboards, thermally connected by a copper plate and
electrically isolated by a kapton foil, are used in the system, one for the low-voltage
connections, such as trap potentials and resonator lines, and one high-voltage (5kV)
filterboard for the in-trap ion creation 4.5.2. They are custom made by StanL ELkc-
TRONICS [57] and are further described in [18].
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Figure 4.6: (a) The detection housing attached to the trap chamber mounted on the PEEK
pedestal. When lowered into the warm bore of the magnet, the centering cone and its
counterpart are used to align the trap chamber and therefore the Penning trap in the
center of the bore. The stranded copper wires shown in figure 4.5 are not yet connected.
(b) Close-up of the electronics housing from another perspective: four thermocouplers
with six pins each, and all three resonators can be seen. The axial resonator in this picture
is additionally wrapped in superinsulation foil. Care was taken for the wiring not to
interfere with the optics assembly.

The trap chamber, a copper cylinder that houses the double Penning trap (Sec. 4.5),
is attached to the lower side of the detection housing. To provide storage times
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of highly charged ions in the order of weeks, the trap has to be held at ultra-high
vacuum (by cryo-pumping a vacuum better than 10~1° mbar is achieved, Sec. 5.4.1).
Therefore, the vacuum inside the trap chamber is separated from the vacuum inside
the magnet bore®. This is achieved on the lower end of the trap chamber by the so-
called ‘cryovalve’ (4.5.2) and on the upper end of the chamber by an indium sealed
copper flange called ‘UMF®. The UMF acts as a feedthrough flange, including a quartz
window for optical access (Sec. 4.3.3), five high-voltage feedthroughs for voltages in
the range of several kilovolts and five four-pin low-voltage feedthroughs.

4.3.1 The Non-Destructive lon-Motion Detection Systems

As described in section 3.3 non-destructive ion detection can be implemented in the
form of a ‘resonator’: an inductor together with its parallel self-capacitance form a
LC-circuit — when the ions motional frequency comes into resonance with the eigen-
frequency w of the LC-circuit, this results in a measurable voltage drop. In ARTEMIS,
these detection systems are implemented as self-wound coils in a resonator housing
designed for a specific eigenfrequency w, and optimized for a high quality factor”
Q,.;- More information of how to optimize these quality factors and the recent de-
velopments in superconducting resonators can be found in [47, 58].

According to equation 3.5, in order to measure the magnetic field of the Penning
trap, the free cyclotron frequency is needed which cannot be measured directly, but
with the Brown-Gabrielse invariance theorem it can be estimated: for this purpose all
three motional frequencies have to be measured. With resonators two of these three
ion motional frequencies can be measured directly, the reduced cyclotron frequency
w, and the axial frequency w,. If both frequencies can be measured independently,
the magnetron frequency w_ can be yielded by sideband coupling [47].

Besides the measurement of the magnetic field, the resonators used in ARTEMIS
serve the purpose of cooling the ion motions in order to reach higher precisions, this
so-called ‘bolometric’ cooling is presented in section 5.3. Additionally, with the axial
resonators, a spectrum of the different ion species inside the trap can be created by

the following relation:
\ ‘ QC, Uy
w. = - <« - 4.1
# Mdz2 41

with the charge-to-mass ratio Q/M, the characteristic trap dimension d (Eqn. 3.2),
the trap coefficient for the harmonic potential C, and the applied trap voltage Uy.
Since w, can be tuned to get into resonance with the circuit, the eigenfrequency

> In order for the cryocooler to cool efficiently, the magnet bore vacuum should be better than

107> mbar (given by the mean free path of the residual gas molecules).

UMF is a German initialism for ‘Unterer Montageflansch’ that is used in the Mainz, CERN, GSI
community.

The quality factor of a resonator, sometimes also called ‘Q-value’, is a dimensionless number that
is defined by the ratio of its frequency to its bandwidth (Sec. 3.3).
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of the axial resonator has only to be designed coarsely. Additionally, by tuning
the voltage, ions with different charge-to-mass ratios come into resonance with the
resonator and therefore, make it possible to record a spectrum where ions with dif-
ferent charge-to-mass ratios can be distinguished (Sec. 5.1.2).

ARTEMIS comprises three resonators: two axial resonators (Sec. 4.3.1) connected to
the creation trap (ARES CT)® and the spectroscopy trap (ARES ST) and one cyclotron
resonator (Sec. 4.3.2) for measuring the reduced cyclotron frequency in the spec-
troscopy trap (CRES)®. The resonators mainly differ due to their geometrical designs
(helical or toroidal, amount of wirings, ...), their wire material (superconducting or
non-superconducting) and their cryogenic amplifier design — still, all amplifiers are
biased by the BS 1-10 cryo from StanL ELECTRONICS. A comparison of the properties
for the three resonators can be found in table 4.1 and figure 4.7 shows photographs
of their coils.

Table 4.1: Properties of the three resonators used.

ARES CT ARES ST CRES
Geometry Helical Toroidal Helical
Eigenfrequency at 4K 27 x737kHz 21x694.5kHz ~2mx36 MHz
Q-Value 900 900 50
Wire Diameter 0.075 mm 0.075 mm 1.5mm
Wire Material Niobium-Titanium Niobium-Titanium Copper
Windings 300 800 10.5
Inductance ~3 mH ~2.4mH 725 nH
Housing [@x Height] 33 mm x 44 mm 48 mm x 40 mm 33mm X 44 mm
References [18] [59] [60]
Gate Voltages —3.9V —1.6V,—0.55V +1.16V —3.8V
Current Bias; +2.9mA +2.3mA +3.0mA
Current Bias, —1.8mA +1.8mA —2.2mA

Superconducting Resonators

The two axial resonators both consist of a superconducting niobium-titanium wire
(NbTi wire) coil wound around a PTFE core in two different geometries, cylindrical
for the ARES CT and toroidal for the ARES ST. Superconducting wires, which have
zero electrical resistance when cooled below their critical temperature, are used in
order to get a lower parasitic capacitance and therefore higher quality factors. Due to
the fact that NbTi is a type-II superconductor and the resonators are placed in a mag-
netic field of several tesla, they need to be cooled below the critical temperature for
the respective magnetic field strength (NbTi has a critical temperature of 6.5 kelvin

ARES is an abbreviation for Axial RESonator.

9 CRES is an abbreviation for Cyclotron RESonator.

4.3 Detection Housing and Trap Chamber 33



NbTi Wire -

| P

Coper Joint

L/

_ PTFE Tape| - i
K 7 ,
(b) (©

Figure 4.7: Photographs of the coils of the three resonators. (a) ARES CT: around the
cylindrical PTFE core the NbTi wire is wound in helices and then tightly wrapped with
PTFE tape. The soldering joint between the NbTi and the copper wire can be seen
(Sec. 4.3.1). (b) ARES ST: around a toroidal PTFE core the NbTi wire is wound and
then tightly wrapped with PTFE tape. (c) CRES: the cyclotron resonator with the heli-
cal wire wound around a PTFE core can be seen, the housing is added schematically with
low opacity to see the coil.

at a magnetic field of 7 tesla). In order to get a measurable resonance, the wire has
to be completely thermalized below this critical temperature — even a small part of
the wire being non-superconducting results in distraction of the resonance spectrum
due to the high impedance and therefore, care has to be taken in order to reach this
goal. In both resonators this is achieved by tightly wrapping PTFE tape around the
coil, assuring a proper thermal connection of the wire, since, once superconductivity
is reached, NbTi changes from being a mediocre thermal conductor to a thermal insu-
lator. Thus, to prevent a piece/section of the wire from being non-superconducting,
the tight PTFE tape, although having a low thermal conductivity, will still maintain
a proper thermal conduction. When soldering NbTi to copper care has to be taken,
since joints can easily break. Therefore, a special joint was made: in a copper tube
with a hole of a few 100 um diameter both wires are inserted from opposing sides
and the tube is heated; when applying the solder, it fills the tube due to capillary
forces.

Nevertheless, thermalization of the complete coil to temperatures of 4 kelvin takes
more time than it does for the rest of the setup: there are two temperature sensors
attached to the second stage of the experiment, one on top of the trap chamber and
one on its bottom and their temperature is measured every 10 seconds. During a
cooldown they only deviate in the order of a few hundreds of millikelvin, giving
an indicator that thermalization between the copper parts happens at maximum on
the time scale of seconds. Nevertheless, during a cooldown of the experiment the
resonance curve of the ARES ST was monitored and its quality factor is shown versus
one of these temperatures in figure 4.8 — it can be seen that the Q-value of the
resonator, which is an indicator for the temperature of the superconducting coil, rises
several hours after the whole experiment is cooled below the critical temperature.
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Figure 4.8: During a cooldown the resonance curve of the ARES ST is monitored. The cor-
responding quality factors are shown versus the decreasing temperature of the detection
housing. Since the temperature of the housing is already more than 1 kelvin below the
critical temperature (6.5 kelvin) when the coil becomes superconducting (and therefore
the Q-value rises), this gives an indication of the longer thermalization time needed for
the superconducting wire of the resonator, compared to the thermalization of the rest
of the experiment.

The quality factor of a superconducting coil is also dependent on the magnetic field
it is exposed to: a type-II superconductor in a magnetic field between the lower and
the higher critical field strength is in the so-called ‘Shubnikov-phase’. The magnetic
field lines can penetrate the surface and create ‘vortices’, where these vortices give
rise to a finite resistance in the wire, leading to signal loss and therefore a decrease
in the Q-value.
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Figure 4.9: Measurement of the behavior of a superconducting resonator at HiLiTe: the
resonator was located in a magnetic field that was ramped from 0 to 6 tesla and for
every step a resonance curve was taken and evaluated. (a) Measured center resonance
frequency as a function of the applied magnetic field. Already at a magnetic field of
120 millitesla a shift of more than 30 hertz occurs. (b) The respective Q-values for the
resonator as a function of the magnetic field, after a few hundred millitesla the quality
factor already decreases from 35000 to 10 000.

A respective measurement was conducted at the ‘High Intensity Laser Ion Trap
Experiment’ (HiLiTe, [61]): the setup consists, amongst others, of a cryocooler
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with a thermal connection to the center of a superconducting magnet with a warm
horizontal bore. This ‘dry’ (cooled by a cryocooler instead of liquid helium) super-
conducting magnet has additionally the advantage that the magnetic field can be
ramped stepwise up to 6 tesla. The ARES ST was located in the center of this magnet
and resonance spectra were taken by a spectrum analyzer at different magnetic field
strengths. Figure 4.9 shows the effect of an external magnetic field on the center
frequency and the quality factor of a superconducting resonator — already at a mag-
netic field of 120 millitesla the center frequency shifts by more than 30 hertz and
the quality factor decreases severely. More results of this experiment, together with
theoretical explanations, can be found in [59].

Creation Trap Axial Resonator (ARES CT)

The axial resonator connected to the creation trap consists of a NbTi wire with around
300 windings on a PTFE body in a helical geometry. It is housed in a silver- and gold-
plated copper housing. It was built by M. Shaaban with the a cryogenic amplifier
developed by M. Hiillen [60] after the design from S. Stahl [49]. The amplifier
uses two transistors, a 3SK166 from Sony for amplification and a NE3508 from NEtc
for impedance matching which are both gallium-arsenide (GaAs) transistors since
standard Si-semiconductor transistors are not functional at cryogenic temperatures
due to charge-carrier freezing below a temperature of 10 kelvin.

The ARES CT is connected to electrode C13 (for an overview of the electrode
numbering, see section 4.5), this makes it possible to measure the axial frequency
not only in the trap of C14 being the ring electrode, but also when ions are stored in
the trap of C12. This is shown in section 5.4.3.

Figure 4.10(a) shows the thermal noise resonance spectrum recorded by the
KeysicHT N90OOB-CXA spectrum analyzer, yielding an eigenfrequency of the ARES
CT of 2t x737.5kHz with a corresponding Q-value of 900.

Spectroscopy Trap Axial Resonator (ARES ST)

The axial resonator connected to the spectroscopy trap consists of a NbTi wire on
a PTFE body in a toroidal geometry — in contrast to the other two resonators the
800 windings are wound around a ring with a rectangular cross-section. Therefore,
it is an improvement over the axial resonator from N.P M. Brantjes [62] since it
comprises a more compact design with a higher Q-value. It is housed in a silver- and
gold-plated copper housing. Together with the amplifier it was built by M.S. Ebrahimi
[59] following the design from the BASE collaboration at CERN [58]. The amplifier
is similar to the previous one which was used in the 2015 measurement time [18].
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Figure 4.10(b) shows the excited!? resonance spectrum of the ARES ST, yielding
an eigenfrequency of the ARES ST of 2 mx694.5kHz with a corresponding Q-value
of 900.
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Figure 4.10: (a) Thermal noise spectrum of the axial resonator in the creation trap (blue,
with fit in red). The center frequency is around 2 x737.5kHz, with a Q-value of 900.
(b) Excited resonance curve for the axial resonator in the spectroscopy trap, the center
frequency is at 2 1 x694.5 kHz, the Q-value around 900.

4.3.2 Cyclotron Resonator (CRES)

The cyclotron resonator (CRES) connected to the split electrode S4 is designed to
measure the reduced cyclotron frequency of “°Ar'3* in the spectroscopy trap which
is around 2 tx35 megahertz at a magnetic field of 7 tesla. It was developed and
built by M. Hiillen [60] and consists of a silver-coated copper wire with a diameter of
1.5mm and 10.5 windings on a PTFE body. The housing which is made of silver- and
gold-plated copper, and the amplifier are similar to the housing and the amplifier in
the ARES CT.

Building a resonator with a specific resonance frequency is hard to achieve, since
the frequency depends on many parameters (for example the parasitic capacities)
and some of them cannot be controlled sufficiently. As the cyclotron frequency of
49Ar!3* can only be changed by changing the magnetic field, it is necessary to tune
the resonance frequency of the resonator: for example, by an additional supercon-
ducting wire, adding a tunable resistance by warming parts of it above the critical
temperature [58]; by adding and removing additional capacitances via a switch; or
by adding tunable capacitance diodes, so-called varactor diodes'!. Although any

10" This measurement was performed with the RicoL DSA-815TG spectrum analyzer which, due to a

high internal background noise, is not capable of measuring the thermal noise and therefore, the
resonator has to be excited externally via the so-called tracking generator function. Unfortunately,
a transistor in the amplifier board broke during the 2016 measurement time before it was possible
to measure the thermal noise spectrum with the KeysichT N90OOB-CXA spectrum analyzer.

11 From varactor="‘variable reactor’, sometimes also referred as varicap="‘variable capacitance’.
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diode can act as a varactor diode, special ones dedicated to frequency tuning of
LC-circuits are available: by applying an increasing reverse voltage, the capacitance
of a p-n junction in a diode decreases [63]. In ArTEMIS a MA46H202 varactor diode
from Macow is used, with a tunable capacitance from 2.2 to 3.3 pE

By adding a tunable capacitance C,,, in parallel to an already existing capacitance
C of the LC-circuit, the total voltage-dependent capacitance is then given by:

C(Uvar) =C+ Cvar(Uvar): 4.2)

which leads to a tunable resonance frequency of the resonator:

1
VI(CH Coar(Upar))

wO(Uvar) = (4.3)

Every varactor diode has a small series resistance and therefore, a Q-value [64]
which limits the total Q-value that can be achieved by the complete system to

1 1 1
= + 5
Qres Qcoil Qvar

4.4)

but with Q,,, = 2000 ([65], at room-temperature — at cryogenic temperatures of 4
kelvin this value is approximately 1000) and Q.,; ~ 100 at room-temperature the
effects on the CRES are negligible.
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Figure 4.11: Excited resonance curves of the cyclotron resonator at a temperature of 4
kelvin in a magnetic field of several tesla and with different varactor diode bias voltages.
Whereas in a similar room-temperature experiment the center frequency could be shifted
by several megahertz, here only a shift of less than 1 megahertz has been achieved.

To combine the varactor diode with the cyclotron resonator, a high-frequency
board was produced (the wiring can be found in figure A.3) and deployed in
ArteMmis for the 2016 measurement time. However, it was discovered that by com-
bining strong magnetic fields with cryogenic temperatures the varactor diode is not
fully functional anymore: figure 4.11 was recorded with the CRES at a tempera-
ture of 4 kelvin, located near the center of the trap and therefore in a magnetic
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field of several tesla. In a previous test at room-temperature the tunable frequency
range of the resonator with the varactor diode was sufficient to reach the desired
2 mx35 megahertz; but in figure 4.11, at cryogenic temperatures, it can be seen that
for smaller varactor diode bias voltages, there is almost no frequency shift. To in-
vestigate this behavior, an experiment was conducted and its results are reported in
section 4.3.2.

Varactor Diode Frequency Shift

To investigate the behavior of a varactor diode at cryogenic temperatures and strong
magnetic fields an experiment was conducted at HiLiTe, a LC-circuit (Fig. 4.12) was
soldered on a small testboard together with a Macom MA46H202 varactor diode
connected in parallel to the capacitance. The board was placed in the center of
the magnet so different combinations of temperatures and magnetic fields could be
tested. The magnetic field was ramped in steps of 0.5 tesla and after each step, an
excited resonance spectrum was taken by the RicorL DSA-815TG spectrum analyzer.
These spectra were evaluated and their center resonance frequency as well as the
corresponding Q-values were determined.

Figure 4.13(a) shows the center resonance frequencies of the board at room-
temperature (300 kelvin) for different varactor diode bias voltages and for differ-
ent magnetic field strengths; the result meets the expectations from the datasheet:
for each applied bias voltage there is no shift in frequency when different magnetic
fields are applied, and since the capacitance of the varactor diode is not linearly de-
pendent on the applied bias voltage, there are stronger shifts in the center resonance
frequency between the steps at lower bias voltages than between the steps at higher
bias voltages.

The same measurement was performed at cryogenic temperatures of 4 kelvin.
Figure 4.13(b) shows the center resonance frequency for different magnetic fields.
Already at a field strength of 2.5 tesla, when applying a bias voltage of 1 volt, the fre-
quency starts to shift to higher values. For higher magnetic fields this effect becomes
even stronger until the resonance is not detectable anymore (Figure 4.13(d)) and the
fit-routine gives a false value, thus, creating the artifact of the too high values. Again,
this effect is only visible by the combination of cryogenic temperatures and high mag-
netic fields, as demonstrated by comparing figure 4.13(c) with figure 4.13(d), where
both measurements were done at cryogenic temperatures: at zero magnetic field the
occurrence of the resonance spectra for different bias voltages follows the expecta-
tions, but with the additional strong magnetic field of 6 tesla, only when higher bias
voltages are applied, resonance spectra are visible.

To test the assumption that this effect is caused by the dislocation of the charge
carriers in the varactor diode due to the magnetic field, the testboard and therefore
the varactor diode housing was turned by 90°: figure 4.13(e) shows the quality fac-
tor of the resonance spectra for different bias voltages, when the diode housing was
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orthogonal to the magnetic field lines, versus the magnetic field; for figure 4.13(f)!2
the diode housing was parallel to the magnetic field (both measurements were con-
ducted at cryogenic temperatures, for comparison with a room-temperature mea-
surement of the Q-value versus the magnetic field, see figure 4.14(a)). Since the
difference between both figures is not severe and other effects, such as different par-
asitic capacitances between the different measurement setups would also change the
result, this measurement cannot corroborate this assumption.

Another attempt was to investigate the exact dependence of the varactor diode on
the temperature, therefore the cryocooler was switched off and resonance spectra
were measured continuously during the warm-up. Figure 4.14(b) to 4.14(f) show
the Q-values as a function of the temperature for magnetic fields of 0, 3 and 6 tesla.
At around a temperature of 50 kelvin the quality factors reach the highest value, this
is due to the rise in conductivity of the parts at low temperature. For strong magnetic
fields at temperatures around 30 kelvin already a drop in the Q-values occurs and
below 10 kelvin high bias voltages are needed to maintain visibility of the resonance
curves.

Altogether, in the case of ArTEMmIS, in order to get a sufficient range for the fre-
quency shift of the cyclotron resonator with a varactor diode, the diode either has to
be placed in a region of very low magnetic fields, or its temperature has to be above
30 kelvin. The solution for the next measurement time is a custom-made varactor
diode board from StaHL ELEcTRONICS, Where the varactor diode is mounted on a
weakly thermally coupled board that can be heated by a small current and therefore,
its temperature will be above the critical region without influencing the cryogenic
temperatures of the detection housing.

1p
RF Excitation —» Q- = :
Diode-Bias 100kQ 10MQ 100pF 1p RF Signal
—1 | |
—>»> I 1 I_. | I—O —>»

1MQ —— 1pH
10nF MACOM 22pF M
MA46H202
Varactor-Diode

Figure 4.12: Equivalent Circuit of the varactor diode test board.

12° Figure 4.13(f) is the only measurement that was conducted with the diode housing turned by

90° and therefore parallel to the magnetic field lines, all other measurements in this section were
performed with the diode housing being orthogonal to the magnetic field lines.
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(a) Center resonance frequencies of a test
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(b) Center resonance frequencies of a test
circuit for the varactor diode at a tempera-
ture of 4 K versus the magnetic field for dif-
ferent bias voltages; the magnetic field is
ramped up and down.
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Figure 4.13: Behavior of the varactor diode for diff. temperatures and magnetic fields.
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(c) Q-value of the resonance spectra for dif-
ferent bias voltages at a magnetic field of 3T.
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(e) Q-value of the resonance spectra for dif-
ferent bias voltages at a magnetic field of 6 T.
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(b) Q-value of the resonance spectra for dif-
ferent bias voltages at a magnetic field of 0 T
(for low temperatures).
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(d) Q-value of the resonance spectra for dif-
ferent bias voltages at a magnetic field of 3T
(for low temperatures).
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Figure 4.14: Behavior of the varactor diode for diff. temperatures and magnetic fields.
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4.3.3 Laser and the Optical Detection System

For the double-resonance spectroscopy of “°Ar!3* (Sec. 2.3), Artemis utilizes a laser
with a wavelength of 441 nm. This laser system and the additional optics were mainly
built and developed by A. Martin [50]. This section gives a short introduction into
the used laser setup and afterwards a brief overview of the optical detection system
is given, more details can be found in [50].
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Figure 4.15: (a) Scheme of the locking chain of the laser. The commercial external cavity
diode laser (ECDL), the ‘spectroscopy laser’, is frequency locked via a transfer cavity to the
self-built ECDL, the ‘master laser’ which itself is locked on one of the well known spectro-
scopic lines of tellurium. (b) Photograph of the optics holder mounted in the electronics
housing, a black-coated modular aluminium frame retains the two condenser lenses and
a holder for the bare optical fiber. In order not to block the microwave radiation from
the horn antenna, the aluminium frame is cut on one side.

Figure 4.15(a) shows a schematic view of the principle of the laser locking chain,
whereas figure 4.16 gives an overview of the beam paths and the optical parts. The
laser system consists of two diode lasers: the so-called spectroscopy laser ToprTica
DL 100 pro, a commercial external cavity diode laser (ECDL) with a wavelength of
441 nm; and the master laser, also a ECDL, at a wavelength of 453 nm, which was
built by A. Martin and P Baus and is described in [50] and [66]. For frequency locking
the system comprises a transfer cavity and a tellurium spectrometer: an oven heats
a tellurium cell to a temperature of around 500 kelvin making the solid tellurium
optically accessible in the vapor phase. To this cell a Doppler-free spectroscopy, with
a probe beam and a saturation beam, is carried out [67]. The detailed knowledge of
the spectrum of tellurium (the so-called ‘tellurium atlas’) is then used for frequency
stabilization and as an absolute frequency reference. Therefore, the master laser
is locked on one of the Lamb dips to stabilize the frequency and with the help of
a transfer cavity the spectroscopy laser is then locked to the master laser. This is
achieved by locking the length of the transfer cavity to the frequency of the master
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laser, whereas the light of the spectroscopy laser is frequency shifted by a double pass
acousto-optic modulator (AOM) and locked to another mode of the same transfer
cavity and by this is locked to the master laser. The spectroscopy laser’s absolute
frequency can then also be determined by direct comparison with the tellurium atlas.
Finally, the frequency controlled laser light is coupled into a fiber leading to the
experiment.
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Figure 4.16: Scheme of the laser system (blue) and the optical coupling to the trap
(green). The laser system provides the laser light at a wavelength of 441 nm which is
transmitted through a 27 meter long fiber, a vacuum feedthrough and another 2 meter
long fiber before it is irradiated into the trap for ion excitation. The fluorescence light
of the ions is then transmitted via a fiber bundle (image guide) and finally focused on a
photon counter (CPM). Parts of the figure are taken from [50].

Figure 4.16 shows a detailed scheme of the laser system together with the optical
detection system. The laser light, produced in the laser lab beneath the HiTrap-
platform, is transmitted to the experiment through a 27 meter long fiber which is
connected to a vacuum feedthrough which is again connected to a 2 meter fiber in
the vacuum chamber that is cut at the end with the bare fiber taken out of its cover.
This few centimeters long bare fiber is bent and the end glued (the tip pointing at the
trap chamber) to a slim copper slab reaching into the path of the fluorescence-light
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beam. The laser light from the fiber is then collimated by the lower aspheric lens.
After transmission through the quartz window (separating the trap chamber vacuum
from the magnet bore vacuum) and the ITO (the indium tin oxide-coated window
used as an endcap electrode, Sec. 4.5.1) the ion cloud is illuminated by a beam with
a diameter of 3 millimeter. Figure 4.15(b) shows a photograph of the optical system
on top of the trap chamber, showing the bare fiber and the lenses.

The fluorescence light emitted by the ions, transmitted again through the ITO and
the quartz window, is collimated by the lower aspheric lens. Although a small frac-
tion of this light is blocked by the slab holding the fiber, this is minimized due to
the very thin slab which is an improvement to the prism-holder design that was used
before [18]. The collimated light is then focused by the upper aspheric lens on the
tip of a so-called ‘image-guide’: a fiber bundle consisting of 72 x 72 fibers on an area
of 4mm x 4 mm which enables the transmission of an image of the ion cloud. After
this light got transmitted, it is collimated by an aspheric lens on top of the magnet,
transmitted through a vacuum window and coarsely purified in wavelength by a band
pass filter with a bandwidth of 10 nm around a center wavelength of 440 nm. After
an electrical shutter and after focusing the light with another lens, it is finely purified
by a line filter with a bandwidth of 1.7 nm at the center wavelength of 441 nm and
finally detected by a CPM photon counter MP-984 from Exceritas. CPM stands for
channeltron photo-multiplier, consisting of a bialkali photocathode that emits elec-
trons when being impinged by a photon. These electrons are then multiplied by a
photomultiplier tube (after an electron hits the wall, further secondary electrons are
emitted and accelerated to the next part of the tube where they again hit the wall,
releasing more electrons — the secondary electrons increase exponentially). For ad-
ditional spatial resolution, the CPM can be exchanged for the ImagEM X2 EM-CCD
camera from HAMAMATSU.

4.4 The 65 GHz Microwave System

Together with the laser light probing the fine-structure transition, tunable mi-
crowaves are irradiated into the trap in order to measure the Zeeman shift via
double-resonance spectroscopy (Sec. 2.3). Therefore, microwaves with a frequency
v, of around 65 gigahertz for the 22P, /2 transition and around 130 gigahertz for the
22p, /2 transition are needed. In this work a system for producing and transmitting
the microwaves with a frequency of around 65 gigahertz was designed, tested and
implemented into the ArTEmIs setup. This section gives an overview of the system
and its adaptation to the experiment’s requirements, starting with the overall de-
sign, every part used in the actual design is introduced and explained and finally,
measurements that were conducted in a tabletop experiment are reported.
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4.41 Previous Considerations

The microwave system was designed to fulfill the following requirements:

* Low Thermal Conductivity

Since the high thermal conductivity of copper and aluminum would create too
much heat-load on the cryogenic stage of the experiment, at least some parts of
the transmission line have to consist of a material with low thermal conductivity.

¢ Low Loss Transmission Line

Due to the long distance of more than 1.5 meter between the microwave source
and the trap chamber, the transmission line should comprise low energy loss.

¢ Constructional Restrictions

Between the vacuum window on top of the magnet and the inner part of the
45K shield, there is only a small passage with a lot of chicanes, requiring an
easily bendable transmission line with small bending radii.

* Leak-Tight Vacuum Feedthrough

A commercial vacuum feedthrough for microwave transmission lines has to be
available.

* Magnetic Field

The high magnetic field of several tesla forbids the usage of ferromagnetic ma-
terials, for example nickel diffusion barriers that are needed for gold plating,
additionally, stainless steels can only be used if they are austenitic.

There are two types of adequate transmission lines, the rectangular waveguide and
the coaxial cable which both have advantages and disadvantages (Sec. 4.4.4). On the
one hand, a standard rectangular waveguide has very low losses in signal strength,
approximately an attenuation per meter of 1.7-3.2 dB/m, but this comes at the price
of a limited bendability and a relatively large surface area which, combined with the
fact that most waveguides are made of either copper or aluminum, results in a high
thermal conduction.

On the other hand a coaxial cable is more flexible and can be made of many dif-
ferent material layers such that the thermal conductivity can be minimized without
decreasing the transmissibility. But the loss in signal strength is already higher due to
the dielectric insulator, with an approximate attenuation per meter of 14 dB/m. Addi-
tionally, for coaxial cables vacuum feedthroughs are commercially available, whereas
in order to use horn antennas the TE;, mode (Sec. 4.4.4) and therefore a waveguide
is needed.

By combining both types of transmission lines, the benefits of both designs can be
achieved. In the end, a so-called hybrid design was developed. The next sections give
an overview of the idea and all the parts used. By conducting a tabletop experiment
the overall assembly and the individual parts were tested.
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4.4.2 Hybrid Design

Tunable microwave sources up to frequencies of 65 gigahertz are expensive and it
is nevertheless not necessary to have a tunable range over several tens of gigahertz
since a range of +£0.5 GHz around the center frequency v; is sufficient. Therefore,
a microwave source capable of creating frequencies up to 20 gigahertz is deployed
(Sec. 4.4.3), linked with a frequency counter for monitoring the output frequency
and amplitude, and is connected to a frequency multiplier by a high-frequency SMA
coaxial cable!2. This active ‘quadrupler’ (Sec. 4.4.7) multiplies the frequency by the
factor of four, resulting in a tunable frequency range between 64 and 66 gigahertz
with an output power of 10dBm. Due to the high cost of a tunable amplifier but
in order to still be variable in power, an additional high-gain (20 dB) amplifier with
a mechanical tunable attenuator (Sec. 4.4.9) can be used, yielding a total power
tunable by almost 50 dB.

With the help of a waveguide-to-coax adapter (Sec. 4.4.5) the TE;, mode, trans-
mitted in the waveguide, is converted into a TEM mode that can be transmitted
by coaxial cables (Sec. 4.4.4) and a short coaxial cable is connected to the vacuum
feedthrough (Sec. 4.4.6). On the vacuum side a special cryogenic non-magnetic coax
cable is used (Sec. 4.4.4). Due to its flexibility it can easily be threaded through the
difficult geometry on top of the warm bore and due to its low thermal conductivity
it connects the room-temperature part with the cryogenic part without creating too
much heat-load. Although it is a high-performance cable, a waveguide still represents
a better choice in terms of loss and therefore, for the last meter of the transmission
line, a coax-to-waveguide adapter and then again a waveguide is used. This waveg-
uide is made of OFHC copper without gold-plating since gold-plating would have
required a magnetic nickel-diffusion barrier. Additionally, the waveguide is slightly
bent, so the center of the following high gain horn antenna (Sec. 4.4.10) is pointing
in the direction of the ions.

4.4.3 Microwave Source

To provide a tunable frequency of around 65 gigahertz an ultra-stable microwave-
frequency generator is used to tune between the base frequency v, of 16 to
16.5 gigahertz. Then a quadrupler (Sec. 4.4.7) will multiply this frequency by a
factor of four resulting in a frequency v; of 64 to 66 gigahertz.

13 The SubMiniature version A (SMA) is a standard 50 € connector developed in the 1960’s for high

frequency purposes, usable from DC to around 20 GHz. High-frequency cables are coaxial cables
that consist of additional shielding layers and are often silver-plated to reduce the losses due to
the skin-effect.
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Figure 4.17: Overview of the hybrid design microwave system. The GiGATRONICS GT9000
microwave source produces a microwave with a frequency of around 16 gigahertz which
is multiplied by the quadrupler to a frequency of around 65 gigahertz. This frequency is
then transmitted, first through waveguides and then, after a waveguide-to-coax adapter,
by a coaxial cable. Inside the vacuum, at cryogenic temperatures, a special non-magnetic
cryogenic coaxial cable is used. After the difficult geometry at the top of the vacuum
chamber, another coax-to-waveguide adapter is deployed and the microwaves are fur-
ther transmitted by an about 1 meter long OFHC-copper waveguide, until a horn antenna
irradiates them into the trap chamber. Waveguides are drawn in orange, coaxial cables
in blue. For the high frequency coaxial cables, the gender of the plugs is indicated by ‘f'
for female and ‘'m’ for male. The different types of transmission lines and the devices are
explained in the next sections.

48 4 Investigation of Argon lons in the ArTEMIS Apparatus



Therefore, a GT9000 microwave synthesizer from Gicarronics [68] is deployed
which uses two different yttrium iron garnet (YIG) oscillators for generating the fre-
quency: one oscillator to create a frequency from 2 to 8 gigahertz and the other for
the frequency from 8 to 20 gigahertz. These YIG oscillators have a high quality-factor
and therefore, are low-phase noise oscillators that are tunable by an adjustable mag-
netic field. They are tuned coarsely by a coil to 10 megahertz around the desired
frequency and then fine tuned by a frequency modulation (FM) coil [68]. Via a
phase lock loop the frequency is then compared with and locked to a 10 MHz fre-
quency standard (either internal or external by the SRS FS725 Rubidium Frequency
Standard).

Figure 4.18(a) shows a phase-noise diagram obtained with the Keysicut N90OOB-
CXA spectrum analyzer at the base frequency of v, = 16.255005 076 GHz, where the
orange curve shows a snapshot of the phase noise and the blue curve the smoothened
average given by the device. In the figure, four areas are shown that define the
signal shape [69]: the red part is dominated by the noise from the 10 MHz frequency
standard (the external rubidium standard); the plateau in the green area originates
from the synthesizer (phase lock loop, phase detector, . ..); the slope in the blue area
stems from the YIG oscillator; finally, the overall thermal noise is detected in the gray
area. Additionally, figure 4.18(b) shows the a frequency spectrum around the base
frequency vy.
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Figure 4.18: (a) Phase-noise measurement of the v, = 16.255005076 GHz base fre-
gquency of the GicaTrRoNIcs GT9000 microwave source. The structure of the curve accord-
ing to the different areas is found in the text. (b) Frequency spectrum around the base
frequency v, with the visible sidebands.

By using an Eir Microwave Model 578 Source Locking Microwave Counter the
output frequency of the GT9000 was measured with an accuracy of 1 hertz, confirm-
ing the frequency measurement of the spectrum analyzer. Additionally, a long-term
power measurement at the frequency v, was conducted, yielding a stability of the
output power of less than £0.1 dB over the time of 12 hours.
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4.4.4 Transmission Lines and Waveguide Flanges

The theory of propagating electromagnetic waves, waveguides and other transmis-
sion lines can be found in detail in [70, 71]. Due to the boundary conditions by the
walls of a rectangular waveguide (where in x-direction is the width, in y-direction
the height and in z-direction the direction of propagation), only certain waves can
propagate. These waves are the TE,,, and the TM,,, waves, with n and m being
the mode numbers and either the electrical field E or the magnetic field B being
perpendicular to z. The typical wave for a standard rectangular waveguide is the
TE;, mode.
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Figure 4.19: Figure taken from [70]: a) Propagation of a TE;, wave in a rectangular
waveguide with the electric field lines in red and the magnetic field lines in black. The
electric field is perpendicular to the z-direction . b) Propagation of a TE;; wave in a
coaxial cable with the electric field in red between the inner and outer conductor and
the magnetic field perpendicular to it, with a being the radius of the inner conductor
and b the radius of the outer conductor.

A characteristic that is often used when working with microwaves is the VSWR,
the voltage standing wave ratio. When two waveguides are not matched perfectly,
there is always some power reflected on the mismatch, therefore, with the voltage
reflection coefficient T' = V/ V*, which is the ratio between the amplitude of the
reflected wave and the amplitude of the transmitted wave, the VSWR can be written
as:
1+T  Vi+Vy
1-T V=V

VSWR = (4.5)

The VSWR therefore is a number between 1 (for a perfect match) and infinity.
Table 4.2 gives some values for different VSWRs and their resulting power loss.
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Table 4.2: VSWR values and their related transmission power losses. Data taken from
[72]

VSWR Power Loss [dB]

1 0
1.05 0.003
1.08 0.006
1.1 0.01
1.2 0.036
1.3 0.075
1.4 0.122
1.5 0.177

Waveguides

Waveguides are classified according to their operating frequency band, other fre-
quencies might also be transmitted, but with a strong attenuation, or, if these fre-
quencies are lower than the mode dependent cut-off frequency v,, not transmitted
at all. There are standardized waveguide sizes for the various bands. For the fre-
quency of 65 gigahertz the E-band (60-90 GHz) or the V-band (50-75 GHz) with the
corresponding waveguide dimensions WR-12 and WR-15, respectively, can be used'*.
The bands also have different standard-flanges for connecting two waveguides, in the
case of the two mentioned bands, the most commonly used flanges are the UG-387/U
for the E-band (WR-12) and the UG-385/U for the V-band (WR-15). The current de-
sign only operates in the E-band, so all waveguides are WR-12 and the flanges use
the UG-387/U standard. Figure 4.20 shows the dimensions of such a flange. They
are contact precision flanges that are pressed together by four screws; two alignment
pins and two holes on each side provide highest precision.

These waveguides are standard components, table 4.3 shows some properties ac-
cording to their datasheet, and can be bought from various companies with different
coatings for higher conductivity and therefore less transmission losses. For the design
of ArTEMIS, a waveguide without the nickel diffusion barrier (which is necessary for
gold plating) was needed, therefore, a 950 mm long waveguide from MI-Wave made
of bare OFHC copper is used.

14 The numbering 12 and 15 links to the dimensions of the waveguide, as it gives the width of the

rectangular cross-section in percentage of an inch. For example WR-12 has a width of 12% of
25.4mm = 3.05 mm.
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Figure 4.20: Technical drawing of a WR-12 flange for the E-band (60-90 GHz) with the
UG-387/U standard. All dimensions are given in millimeter.

Table 4.3: Specifications of a standard WR-12 waveguide as presented in [72].

Frequency Range 60.5 - 92 GHz
TE,( Cut-off Frequency 48.35 GHz
Dimensions (a x b) [inch] 0.122 x 0.061
Dimensions (a x b) [mm] 3.099 x 1.549
Theoretical Attenuation 3.11-1.74dB/m
Connectors UG-387/U

A major part of damping in waveguides is due to the finite surface conductivity, for
a TE;, wave with a frequency v, it can be estimated by [73]:

a[dB/m] = 0.0023 - R, (1 +22 (&)2), 4.6)
by/1—(v./)? ary

with the waveguide typical cut-off frequency v,, the longer width a and the shorter
height b of the rectangular waveguide and the surface resistance

R, = 0.008254/ =% \/v[GHz], 4.7)
(e

with the ratio of conductivities o¢,/0 between copper and the waveguide mate-
rial. With this formula an attenuation per meter of 2.3 dB/m for a copper waveguide
at a frequency of 65 gigahertz is calculated. Note that the long waveguide will be
at a temperature of 4 kelvin and therefore, the conductivity will rise, depending on
the purity of the copper used, by two to three orders of magnitude, and therefore,
resulting in a negligible loss.
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Coaxial Cables

Coaxial cables transmit TEM waves (Fig. 4.19) and are common for radio-frequency
(RF) application, but for higher frequencies, due to the dielectric isolator, they suffer
from higher losses than hollow waveguides — for applications above a frequency of
around 20 gigahertz the common SMA connector is not suitable anymore. For higher
frequencies different other types of connectors are available, although, assembling
them is more difficult and needs special equipment and experience. For a frequency
of 65 gigahertz the so-called 1.85 mm V-type is the standard connector.

The current hybrid design consists of two different types of high frequency coax-
ial cables, outside the vacuum chamber a commercial cable from AsTroLAB is used,
whereas inside the vacuum a special low thermal conductivity cable from Shr is de-
ployed, the SC-119/50-SB-B: it consists of a silver-plated copper beryllium inner con-
ductor with a diameter of 0.29 mm, a 0.32 mm thick PTFE isolation and a 0.135 mm
thick beryllium copper outer conductor. It has a minimal bending radius of 3.3 mm,
is non-magnetic and is specified at room temperature to have a loss per meter of
14dB/m at a frequency of 65 gigahertz. With an insertion loss of <0.7dB and a
length of 0.5 m this adds up to total loss of 7.7 dB.

Figure 4.21 shows the material compositions of the two cryocoax cables used.
Please note that the measurement of table 4.12 was done with the TCR119CG/PB,
with an attenuation of only 10dB/m. Unfortunately, it broke and is not available
anymore.

SC-119/50-SB-B ?\0»2?;{2&“(00) TCR119CG/PB xo« Pﬁ;tr\;?(OD)

Beryllium copper Pﬁosphor Bronze

A Bioied 8k i
$0.92mm(OD) 1.19mm(OD) ated Cu Foi
PTFé geryllium(copper 0482mm(_?D

X orous PTF 1.19mm(OD
(Non Magnetic) (Non Magnetic) \%hosghor( Bro)nze

Figure 4.21: Material composition of the two different cryocoax cables from SHF. The
coxial cable with the cross-section shown on the left side, the SC-119/50-SB-B, is currently
deployed in the apparatus. Pictures taken from [74].

4.4.5 Adapter: Waveguide-to-Coax

For conversion between TE;, mode waves and TEM modes, and therefore between
transmitting the microwaves in waveguides or transmitting them in coaxial cables,
an adapter is used (which can act either way, from waveguide to coaxial cable or vice
versa). Figure 4.22 shows the principle of such an adapter: the inner conductor of
the coaxial cable reaches into the waveguide, acting like an antenna. At a distance D
the waveguide is closed and short-circuited, the waves are reflected and interfere
in-phase with the waves from the antenna. This distance D is usually around one
quarter of the wavelength of the microwave, A/4. Additional tuning screws are used
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to minimize losses due to high VSWR which is usually already performed by the
manufacturer and locked before shipping. There are two different adapters from
two different companies implemented in the current setup, the specifications can be
found in table 4.4.

Coax Connector

V (1.85mm)
" WR-12
o Waveguide
ol o | -
V4
9]
m A
m |

Tuning Screws

Figure 4.22: Schematic view of a coax-to-waveguide adapter as used in the experiment.

Table 4.4: Specifications of the waveguide-to-coax adapters 410E from MI-WavE used
inside the vacuum and the PTC-12VM-01 from Ducommun used outside the trap chamber.

410E PTC-12VM-01
Company MI-WavE DucoMmUN
Frequency Range 60 - 90 GHz 60 - 90 GHz
VSWR <2.0:1 1.8:1
Insertion Loss 1dB 0.6dB
Connectors WR-12, 1.85mm (male) WR-12, 1.85 mm (female)

4.4.6 The Vacuum Feedthrough

Vacuum feedthroughs with waveguide can be implemented for example by two an-
tennas that are placed on opposite sides of a PTFE window, one transmitting the
microwaves and the other receiving them after they passed through the PTFE vac-
uum seal [73]. Or by two thin epoxy-filled windows, sealing the vacuum, that are
placed, at a distance of around a quarter wavelength of the microwaves A/4, in-
between the waveguide assembly [75]. In the case of ArTEMIS, since a coaxial cable
was used anyways, a commercial vacuum feedthrough with 1.85 mm connectors from
Sur was bought, which easily can be screwed into a hole in a commercial CF-flange!®.
The specifications of this vacuum feedthrough can be found in table 4.5.

15

The CF vacuum flange, or ConFlat by Varian, ‘consists of two symmetrical flanges both hav-
ing circularly-symmetric knife edges of a particular cross-section. A flat copper gasket is placed
between the flanges and, when they are bolted together, the knife edges bite into the copper...’
[76].
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Table 4.5: Specifications of the KPC185FFHA vacuum feedthrough from SHr.

Frequency Range DC - 65 GHz

Insertion Loss <0.7dB
Temperature Range —55 to 125°C

He Leak Rate 10°mbar - 1/s
Connectors 1.85 mm (female)

4.4.7 Quadrupler

The underlying principle of most active frequency multiplications is the use of the
non-linear voltage-to-current behavior in diodes. The current depending on the volt-
age can be expressed by

1(U) =1, (e% —1), (4.8)

where I is the diode-type dependent saturation current, q the electron’s charge,
kz Boltzmann’s constant, T the temperature and n the ideality factor that depends on
the structure of the diode and varies typically between 1 and 2. This U-I dependence
can be expanded to higher orders. With low-pass filters these higher harmonics can
be isolated and therefore, a multiplier by integer numbers can be built. However,
not only the carrier is multiplied, noise levels are also increased: as a rule of thumb,
the noise level is increased by 20logm[dB] for a multiplication of m, therefore, in
the case of the quadrupler, an amplification of the noise level of at least 12 dB takes
place [71].

There exist various multiplier types, for example, reactive diode multipliers with
varactor diodes or resistive diode multipliers that use Schottky diodes. Most of the
multipliers, and also other active microwave parts, are built as monolithic microwave
integrated circuits (MMIC) that combine different parts such as transmission lines,
active devices, and other components on a semiconductor substrate.

In order to produce a frequency of around 65 gigahertz, an active quadrupler
CFM1616X410-01 from CernEx is used, with an output power of 10dBm in a fre-
quency range of 64 to 66 gigahertz. More specifications about this quadrupler are
given in table 4.6.

The quadrupler is also equipped with an isolator on its outlet which prevents dam-
aging the quadrupler by reflected waves. Many designs for isolators are known [77]
and they have in common that the wave in the forward direction is almost not at-
tenuated, whereas the returning wave is strongly attenuated. One example is the
resonance isolator: a TE,; wave traveling in a waveguide has a magnetic field travel-
ing in the propagation direction as it is shown in figure 4.23(a). At one point of the
waveguide, during wave propagation, the direction of the magnetic field vector will
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change at every timestep — it rotates and circular polarization occurs. Additionally,
at a certain distance from the wall, the amplitude will not change, therefore, at this
position, a ferrite slab is introduced into the waveguide. This ferrite is biased by a
permanent magnet mounted around the waveguide, making the electrons in the fer-
rite precess in a certain direction. If this direction coincides with the direction of the
polarization, the energy of the wave is coupled into the system, attenuating the wave.
This is called the resonance absorption and should be the case for the reverse wave.
For the opposite, the forward wave, the two directions will not coincide, therefore
leaving the wave unharmed. The exact calculation of this position can be found in
[71].

Wave Propagation

(@ (b)

Figure 4.23: (a) Schematic showing the circular polarization of the magnetic field in a
waveguide. The field lines propagate through the waveguide, therefore, at the point
(x,c) the magnetic field vector is rotating. (b) Photograph of the quadrupler with isolator
and heat sink attached.

Unfortunately, during the time when the tabletop test experiment was conducted,
the quadrupler showed a strong power instability in irregular time intervals, one of
the output stages was broken, so most measurements had to be performed carefully
and constant surveillance of the output power was necessary. Also the desired output
power of 10 dBm was never reached, most of the time the power only reached a value
between 1 and 3 dBm.
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Table 4.6: Specifications of the CFM1616X410-01 x4 multiplier from CERNEX.

Input Frequency 16 - 16.5GHz

Input Power 10dBm

Output Frequency 64 - 66 GHz

Output Power 10dBm

Bias Voltage 12V @ 400 mA
Connectors SMA (f) (In), WR-12 (Out)
Size Mv4

4.4.8 Amplifier

There are different kinds of amplifiers available which serve different needs. The two
most prominent are the low-noise amplifer (LNA) and the power amplifier (PA). They
are also built as monolithic microwave integrated circuits (MMIC) and therefore,
their basic working principle is similar to a normal RF amplifiers which mostly consist
of a transistor amplifier stage and impedance matching parts. LNAs are usually used,
when there is only a small signal rising out of a noise floor since signal and noise
figure then have the same gain and the output will still have a clear signal above
the noise floor. This kind of amplifier is mostly used after a lossy line to refurbish
the signal. A PA is used, when a strong signal before a lossy line is needed, as it
is the case in Artemis. Therefore, a SP654-15-24W power amplifier from SpPACEK is
deployed which has a gain of 19.8 dB with a corresponding maximum output power
of 23.5dBm at a frequency of 65 gigahertz. Due to complications with the VSWR at
a frequency of 65 gigahertz the company could not deliver the exact specifications,
so the current model has 1 dBm less output power. The updated, tested specifications
can be found in table 4.7.

Table 4.7: Updated specifications of the SP654-15-24W power amplifier from Spacek. The
amplifier is equipped with a heatsink and fan assembly that uses 150 mA of the bias
current.

Frequency Range 63 - 67 GHz

Gain 18.8 -19.8dB

P, @ 1dB gain  21.5 - 23.9dBm
Pgaturated 22.5-24.9dBm

VSWR 2:1

Bias Current 650mA @ +8to +11V
Connectors WR-12
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4.49 Attenuator

Since tunable amplifiers are expensive, the amplitude of the signal can be tuned
by an uncalibrated mechanically-tuned attenuator: by turning the dial it attenuates
the microwaves by pushing a small slab into the waveguide. Table 4.8 shows the
specifications of the 520E attenuator from MI-WAavE.

Table 4.8: Specifications of the 520E attenuator from MI-WAVE.

Frequency Range 60 - 90 GHz
Attenuation Range 0-25dB
VSWR 1.15
Connectors WR-12

4.410 Horn Antenna

To irradiate the microwaves into the trap, a pyramidal horn antenna from MI-WavE
(Fig. 4.24(a)) is used which is designed to provide a high gain in the center forward
direction. The gain G is defined according to

P
G=-2dp 4.9
5 (4.9)

m

where P.,4/P;, is the ratio of the radiated power and the power supplied at the
input of the antenna; and D is the directivity, a measure of how much power is
emitted in the forward direction compared to the average radiation of an isotropic
antenna [71]. A typical radiation pattern of a pyramidal horn antenna can be found
in figure 4.24(b) and table 4.9 shows the specifications of the 261E horn antenna
from MI-WAVE.

Table 4.9: Specifications of the 261E pyramidal horn antenna from MI-Wave. BW stands
in this case for beamwidth - the angle after which the gain drops by 3 dB.

Frequency Range 60 - 90 GHz
Gain 25dB

3dB BW E-plane  9°

3dB BW H-plane 10°
Connectors WR-12
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Figure 4.24: (a) Geometries of the pyramidal horn antenna implemented in the exper-
iment with the dimensions A= 37.1 mm, B= 30.8 mm, C= 81.3 mm and the bending
angle of the waveguide, so the center forward direction of the antenna points at the
position of the ions of a=11°. (b) Typical pyramidal horn antenna gain for a 25 dB gain
antenna at a frequency of 62.5 gigahertz. For a frequency of 65 gigahertz the radiation
patter should be similar. Figure taken from [78].

After irradiation by the antenna, the microwaves are transmitted through the
quartz window in the UMF and the borosilicate glass (N-BK-7) window with the
ITO coating (Sec. 4.5.1). The propagation losses a in the bulk materials of the win-
dows can be estimated according to:

ktan(5)

a[dB/m]zZOloglo(e 2 ) with k=

2MVVE (4.10)
c

where v is the frequency of the propagating microwave; c is the speed of light;

and €, and tan(9) are the dielectric constant of the material and its loss tangent, a

parametrization of the dielectric loss used in microwave engineering [71]. Table 4.10

gives some of the values taken from [71].

Table 4.10: Dielectric constants and loss tangents for different materials, with the corre-
sponding calculated loss at a frequency of 65 gigahertz. Data taken from [71].

Material €, tan(6) Loss [dB/m]
Fused Quartz 3.78 0.0001 1.1

Glass (Pyrex) 4.82 0.0054 70

Nylon 2.84 0.012 120
Plexiglass 2.60 0.0057 54
Polyethylene 2.25 0.0004 3.8

PTFE 2.08 0.0004 3.4
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4.411 Power Diode

The power diode uses the nonlinearity of a diode in order to convert a fraction of
the power of the incoming microwave into a voltage that can be measured with a
standard multimeter, where the video sensitivity (Tab. 4.11) gives the relation be-
tween the measured voltage and the incoming RF power. Although no power sensor
is needed in the final hybrid design, a 950E power diode from MI-Wave was used to
conduct test measurements before the implementation into the ARTEMIS setup.

Table 4.11: Specifications of the 950E power diode from MI-WAVE.

Frequency Range 60 - 90 GHz
Video Sensitivity 500 mV/mW
Connectors WR-12 (in), SMA (out)

4.412 Tabletop Measurements

Before the microwave system was implemented in the ARTEMIS setup, a tabletop test
experiment was conducted in order to characterize the system and test the com-
plete assembly. In a first test experiment the losses in signal strength of most parts
were measured with the 950E power diode from MI-WavE (Sec. 4.4.11), the results
are given in table 4.12 — the large errors result from the instability of the quadru-
pler (Sec. 4.4.7). All measurements were conducted with a source output power of
11.1dBm, resulting in an input power of the quadrupler of 10 dBm, and a center
frequency of v, = 16.255005076 GHz. Please note that these measurements were
performed with the TCR119CG/PB cryogenic coax cable, not with the SC-119/50-
SB-B that is currently installed (Sec. 4.4.4). Since most parts could not be measured
individually, whenever it was possible, different combinations of parts were mea-
sured in order to extract the individual values for the power losses.

By having access to a spectrum analyzer with a larger frequency range, another
measurement was performed: with the Keysigat N9040B-UXA, capable of detecting
frequencies of 65 gigahertz, the output power of the complete assembly was mea-
sured and compared to the output power measured directly after the quadrupler.
Therefore, the signal-strength loss in the complete line (in this case with the SC-
119/50-SB-B cryogenic coaxial cable) was measured to be 12.9 dB, with an output
power of the quadrupler of 3.7dBm. This is in accordance with the theoretical loss
of 13.2dB. Since the N9040B-UXA was only accessible for a short period of time,
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only one measurement was conducted and therefore no value for the error due to

the instability of the quadrupler can be given'®.

Table 4.12: Theoretical and measured losses for the different parts of the hybrid design
where [ denotes the length of the transmission lines, the theoretical values are taken
from the corresponding datasheets . Since most parts could not be measured individu-
ally, different combinations of parts were measured and the individual values extracted.
The theoretical value for the complete assembly is the sum of all parts and the experimen-
tal value is from the measurement that was carried out with the KeysicHt N9040B-UXA.
Please note that the measurement of the complete assembly was conducted with the
SC-119/50-SB-B cryogenic coaxial cable.

Theo. Loss [dB] Meas. Loss [dB]

Waveguide-to-Coax Adapter 0.6 N/A
Short Coax Cable (I = 50 mm) + Feedthrough 1+40.7 0.6+0.7
Cryo Coax TCR119CG/PB (I = 500 mm) 5.7 3.9+1.1
Cryo Coax SC-119/50-SB-B (I = 500 mm) 7.7 N/A
Coax-to-Waveguide Adapter 1 N/A
Waveguide OFHC copper (I = 950 mm) 2.2 4.2+2.6
Complete Assembly (KEYSIGHT) 13.2 12.9

In another measurement with the KeysighT N9040B-UXA spectrum analyzer and
the complete setup assembled, the frequency of the GT9000 microwave source was
swept from 16 to 16.5 gigahertz in 500 kilohertz steps and the output power was
measured (Fig. 4.25(a)); afterwards this was repeated with a smaller frequency win-
dow from 16.25 to 16.26 gigahertz in 10 kilohertz steps (Fig. 4.25(b)).

Figure 4.26 shows a comparison between the phase-noise measurement of the
source and the quadrupler combined and a phase-noise measurement of the whole
hybrid design assembled, with a frequency set to v, resulting in a frequency of
around 65.02 GHz after multiplying. The shape of the curve is similar to the curve
for v, which is explained in section 4.4.3.

After the microwaves are created, multiplied and transmitted, they are irradi-
ated into the trap by the horn antenna. Here, additional losses have to be taken
into account due to the UMF quartz window and the ITO coated N-BK-7 window
(Sec. 4.5.1). As estimated in section 4.4.10, the losses for the bulk materials such as
quartz and glass are small enough and can be neglected. The loss of the ITO coat-
ing was therefore measured with two opposing horn antennas where the UMF with
the electrode holding the ITO-coated window was mounted in-between. After four
measurements, over a timescale of several minutes to account for the instability of

16 At the time when this measurement was performed, the unstable behavior of the output power

was partially under control, detectable instabilities only occurred after some hours of operation.
Therefore, the quadrupler was only switched on during the measurement, hence, for these few
minutes no instabilities were detected.
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Figure 4.25: Frequency dependence of the transmitted power for the complete hybrid-
design setup. (a) The frequency of the GT9000 microwave is swept from 16 to 16.5 Ghz
in 500 kHz steps. (b) The frequency is swept in a smaller frequency window from 16.25
to 16.26 GHz in 10 kHz steps. Please note that these measurements were performed at
a later date and the output power of the quadrupler was not known precisely at that
moment, hence, the measured amplitude is given.

the quadrupler, the total loss was measured to be 23.4+4.2 dB. This is a rather high
value, but since the ITO coating is a conducting surface, it was not clear that there
is a transmission at all. Although, the coating is only a few tens of nanometers thick
and the skin depth is in the order of a few hundreds of nanometers.

-60
E Ny, — quadrupler
g -80 complete assembly
S, \
) \
@ -100f \
]
= \
(V]
3 -120] AN 1
< \*
o

100 1000 10* 10> 10° 107 108
Frequency Offset [Hz]

Figure 4.26: Phase noise at a frequency of 65.02 GHz, comparison between the phase
noise of source and quadrupler combined and the phase noise of the complete assembly.

Altogether, the tabletop test experiment showed that with the hybrid design it is
possible to transmit microwaves and irradiate the ions. With a conservative estima-
tion (not taking into account the smaller losses at cryogenic temperatures) the total
power is reduced by around 37 dB. With a maximum power after the amplifier of
24 dBm and a tunable attenuation range of 49 dB (by potentially excluding the am-
plifier), the power at the position of the ions can approximately be varied between
—61 and —12dBm or 0 to 50 microwatt correspondingly.
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4.5 The Penning Trap

The heart of ArTEMIS is the Penning trap (Sec. 3.1), housed in the so-called ‘trap
chamber’ which is hermetically sealed at cryogenic temperatures (Sec. 4.5.2) and
therefore guarantees ultra-high vacuum conditions. It consists of a stack of hollow
cylindrical electrodes with a inner diameter of 17.513 um machined to micrometer
precision out of OFHC copper. They are plated with a 20 micrometer thick silver
diffusion barrier, with a less than one micrometer thick gold-plating on top. The
Penning-trap stack can be divided into two parts, the spectroscopy trap (ST) and the
creation trap (CT). A photograph of the trap can be seen in figure 4.27(a) with a
labeled CAD drawing in figure 4.27(b). The creation trap (from electrodes H8 to
H19) is designed for in-trap ion creation and later allows for in-flight capture of HCI
from the Hitrapr facility (Sec. 4.6). The spectroscopy trap (electrodes S1-S6) is for
the final preparation of the ion cloud and conducting high precision spectroscopy.
Both traps are connected by the transport electrode T7, so ions can be transported
by slow-adiabatic passage between the traps. The electrodes are separated and elec-
trically isolated with 3 millimeter thick macor rings in the CT and by 3 millimeter
thick sapphire rings in the ST. Isolated copper rods, which are bolted to the UME
attached to the top and bottom electrodes hold the stack together. Emphasis was put
on keeping the electrodes as parallel to the UMF as possible and in a next stage the
UMF was also aligned as parallel to the magnet flange as possible, resulting only in a
very small tilt of the trap’s z-axis to the magnetic field axis. Although tilts modify the
individual oscillation frequencies, the Brown-Gabrielse invariance theorem ensures
the free cyclotron frequency to be unaffected by small tilts (Sec. 3.2). Table 4.13
gives the dimensions of the trap electrodes, on one hand the designed values and
on the other hand the values taking the additional silver- and gold-plating and the
thermal contraction into account.

Table 4.13: Trap geometries for the spectroscopy and the creation. The inner diame-
ter ID and the inner height IH of the electrodes are given for the designed values from
the CAD drawings, and taking silver- and gold-plating and the thermal contraction to
temperatures of 4K into account.

Electrode Number IDcap [mm] IHgap [mm]  IDgg [mm] IHzx [mm]

S2 8.757 5.893 8.704 5.911
S3 8.757 5.380 8.704 5.4

S4 8.757 5.893 8.704 5.911
S5 8.757 6.220 8.704 6.237
S6 8.757 5.729 8.704 5.748
T7 8.757 8 8.704 8.010
HS8, H9 10 6.5 4.961 6.516
C10-C18 8.757 14.13 8.704 14.118
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Figure 4.27: (a) Photograph of the double Penning trap with the trap chamber removed.
On top of the trap the optics assembly together with the horn antenna for microwave
irradiation is attached. (b) Rendered sectional view of the trap with the labels for the
electrodes in brackets.

Spectroscopy Trap

The spectroscopy trap (ST) is designed to satisfy the following needs:

* Large Solid Angle

To conduct spectroscopy, a large solid angle increases the overall light collection
efficiency and therefore reduces the signal-to-noise ratio.

* Trap Harmonicity

For precise measurements of the cyclotron frequency the trap has to be as har-
monic as possible.

* Double-Trap Technique

For creation or dynamic capture of ions the CT is necessary, transporting them
into the ST is required.

* Rotating Wall

The ion density can be increased and hence, forcing more ions into the focus of
the laser beam, increasing their excitation and therefore the spectroscopy light.
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The best trap harmonicity for a cylindrical Penning trap is obtained by an
electrically-compensated closed-endcap design as introduced in [34]. Since this
would block the optical access, the open endcap design was proposed [33] — the
potential of a long tube mimics a potential of a closed endcap. As pointed out in [79]
the length of this long tube is typically in the order of four times z, (for z, ~ p,,
Sec. 3.1). This leads to a solid angle of 0.2 steradian (sr). Therefore, for the upper
electrode in the ST, the closed endcap design was modified by exchanging the opti-
cal closed copper electrode with an electrically conducting indium tin oxide coated
glass window (Sec. 4.5.1) allowing optical access with a large solid angle of around
2 steradian.

~2sr

e

ITO endcap

] endcap
CLOSED ENDCAP

HALF-OPEN

OPEN ENDCAP

Figure 4.28: On the left: closed endcap electrically compensated Penning trap with z,
being the height of the ring electrode and z, the height of the compensation electrode.
In the middle: open endcap design with optical access on both sides and a rather small
solid angle of 0.2 steradian. On the right: half-open design of ArRTEMIS with a large solid
angle of 2 steradian due to the light transmitting ITO coated endcap window and with a
shorter length on the lower end due to the anti-trap design.

Since short consecutive traps are needed for a slow adiabatic transport, at the
lower part of the trap a long tube cannot be used. Although other experimental se-
tups couple many transport electrodes in order to simulate a long tube, in the case
of ArTEMIS a shorter solution for the connection of the two traps was found, the so-
called ‘anti-trap’. Figure 4.29(a) shows a schematic: after the compensation electrode
a so-called ‘anti-compensator’ is added followed by an ‘anti-ring’; identical electrodes
to the original ones but with exact opposite voltages applied to and therefore mim-
icking the potential of an open-endcap tube. Figure 4.29(b) shows a cross-section
CAD drawing of the ST with some dimensions and the effective conical angle, also
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showing the ITO-coated window. Since the dimensions of the anti-trap electrodes
are symmetric to the dimensions of the ‘original’ trap electrodes, the gap between S4
and S5 has to be twice the length of the other gaps. The exact calculations and more
details for this ‘half-open Penning trap’ can be found in [18].

Additionally, the spectroscopy trap comprises a four-fold segmented ring-electrode
(S3) that can be used for the rotating wall technique [45]. The quarters are elec-
trically isolated by sapphire spheres. The cyclotron resonator CRES (Sec. 4.3.2) is
connected to the split S4 electrode and the axial resonator ARES ST (Sec. 4.3.1)
is connected to S2. The ST is supplied by a HV200-8 from StaHL ELECTRONICS,
nevertheless, the filter-board electronics should not exceed a voltage of £30V. In
a later stage, for more stability and accuracy the slower UM 1-14-28 can be intro-
duced which has ten times more absolute accuracy (10 ppm) and 100 times less
fluctuation (0.004 ppm per minute) [18].
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Figure 4.29: The half-open spectroscopy trap: (a) Shown in red is the potential of the
spectroscopy trap. Since the anti-trap, consisting of anti-compensation electrode and
anti-ring electrode are set to the exact opposite potential of their equivalent, this creates
a harmonic potential shown in blue, where the ions are confined axially. Additionally,
due to the magnetic field they are confined radially. (b) Cross-section drawing of the
ST with the ITO coated endcap electrode and the quartz window, defining the conical
angle for light emission. The dimensions are given in millimeter

Creation Trap

The creation trap (CT) is designed to fulfill two main needs. At this stage in-trap ion
creation is possible; at a later stage also in-flight ion capture from external sources is
foreseen. Therefore, the creation trap consists of 12 electrodes and the electron gun
(Sec. 4.5.2), with H8, H9 and H19 for the high-voltage confinement of the hot elec-
tron beam, and nine similar electrodes C10 to C18 which, when alternating voltages
are applied, can form three consecutive mechanically compensated traps. Also here,
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the principle of the anti-trap is used: when the second to next electrode has the oppo-
site potential with respect to the next electrode harmonicity can be achieved despite
the use of short endcap electrodes. All these electrodes are supplied by a HV 250-8
from StanL ELECTRONICS capable of a voltage of 2250V and thus deep potential wells
can be formed, designed to trap hot and big ion clouds.

After creation, the ion cloud is stored in C14, the central of the three ring elec-
trodes. The axial resonator ARES CT (Sec. 4.3.1) is connected to C13; C15 is a split
electrode for magnetron excitation, whereas axial excitation can be applied at C16.
Due to the filterboards ‘CT/ST-Magn.-Exc’ should not exceed a voltage of 10 volts
peak-to-peak and ‘CT-Exc.Ax-Dipole-Exc’ should not exceed a voltage of 15 volts
peak-to-peak (Sec. A.2). The potential of C14 can also be fast switched to clean
the trap with the SWIFT procedure which is demonstrated in section 5.8.

More details about the combined Penning traps, calculation and dimensions can be
found in [79, 18]. Some relevant values taken from the latter reference are shown
in table 4.14.

Table 4.14: Geometrical trap parameters for the spectroscopy and the creation trap with
the additional 20 micrometer silver- and gold-plating and with the thermal contraction
taken into account. Trap coefficients taken from [18]. The parameters are explained in
section 3.1.

%o [mm] po[mm] d[mm] C, C,
Spectroscopy Trap (S3) 9.008 8.704 7.714 0.5229 <0.001
Creation Trap (C14) 7.459 8.704 6.838 0.5631 0.001

4.5.1 Indium Tin Oxide-Coated Window

As mentioned above, the Penning trap comprises a large solid angle with the endcap
electrode being as close as possible to the position of the ions. In the first design
of ArTemis this was achieved by a thin fine gold-plated mesh that simulates a DC
potential like a closed surface. Although the average transmission of light is rather
good with a value of 60 %, due to unlucky circumstances it is possible that the peak
of the laser beam can hit the strands and therefore, less than this average is trans-
mitted. Additionally, since the mesh is visibly not planar, this can lead to unwanted
anharmonicities of the trap.

Therefore, the mesh was replaced by an indium tin oxide-coated (ITO-coated) win-
dow (Fig. 4.30(a)). ITO is tin-doped In,04 that, due to its big band gap of 3.75eV
[80], already in the middle of the last century was found to be transparent when ap-
plied in thin films on a substrate. Additionally, it was found, although it already has a
quite low surface resistance, that by doping the electrical properties can be changed
[81] and with different doping levels of tin an even lower resistivity can be achieved
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[82]. Overall, the properties of an ITO film are very much dependent on how it is
prepared and due to the interdependence of the mechanisms of electrical conduc-
tion and optical transmission ITO coatings can be manufactured to the requirements
needed [83]. ITO has been used for example in microfabricated transparent surface
traps [84].

The ITO-coated window used in ArTeEmis is the WTSQ11050-A from THORLABS
[85]. It is a commercially available N-BK7 substrate with an anti-reflection (AR)
coating for wavelengths of 350-500 nm on one side and with an ITO coating with a
sheet resistance of 50-80 Q) /sq on the other side!”. It has a transmission of 77 % for
light with a wavelength of 441 nm.
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Figure 4.30: (a) Photograph of the spectroscopy trap with the ITO-coated window built
in. The indium wire can be seen which provides the electrical contact to the new S1
electrode. (b) Transmission of the THorLABS ITO coated WTSQ11050-A window. Data
taken from [85]. The dashed line marks the 77 % transmission for light with a wavelength
of 441 nm.

Since ITO is degenerate due to its high charge-carrier density, it shows a resistance
behavior similar to metals and follows the Bloch-Griineisen law. Nevertheless, at
very low temperature, where the exact temperature of occurrence is depending on
various parameters of the ITO coating, this law can not be applied anymore and a
rise in resistance occurs [87]. This behavior was also found in a test experiment:
the ITO-coated window was pressed, with its ITO-coated side facing down, on two
pieces of indium foil for electrical contact and then clamped with a sapphire plate
for thermal contact. The resistance between the two edges was measured during a
cooldown phase and is shown in figure 4.31(a).

When ArTemis will be connected to the Hitrar beamline the endcap electrode
might be used as an endstage Faraday cup charge detector indicating that ions were
injected into the trap. To investigate if the typically few-hundred-nanometer-thick

17 Definition from [86]: ‘The units for sheet resistance are (), but people commonly use the units ‘Q

per square’. The sheet resistance is numerically equal to the measured resistance of a square piece
of the material. Note that sheet resistance is independent of the size of the square measured, and
it is not necessary to know the film thickness to measure sheet resistance.’
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Figure 4.31: (a) Temperature dependence of the resistance of an indium tin oxide film.
The THoRLABS ITO-coated window was clamped and thermally anchored to a teststand
cryocooler. The resistance was measured every 10 seconds during a cooldown to a tem-
perature of 4 kelvin. Notice the rise in resistance after the temperature drops below a
temperature of 75 kelvin and an even stronger increase after the temperature drops be-
low 12 kelvin, since ITO is degenerate due to its high charge-carrier density. (b) Using the
ITO as a Faraday cup in an EBIT: a commercial Faraday cup is compared to an ITO-coated
window. Even after one hour with 8 ejections per minute of shooting highly charged ions
on the ITO coating, no strong degradation of the signal can be seen.

ITO coating could be destroyed by HCI impact, an experiment was conducted in a
DREEBIT Type-3 Electron Beam Ion Source located at HiLiTE. An electron beam ion
trap (EBIT) uses an electron beam to ionize a target gas. The ions can then be trapped
for further ionization or to conduct directly experiments in the EBIT or they can be
extracted to other experiments. Every 8 seconds a beam of ionized residual gas atoms
was extracted. These ions were first shot on a commercial Faraday cup, and then the
anode was exchanged for a THorLABs ITO-coated window. The results can be seen
in figure 4.31(b). It shows that the signal shape stays the same, it only changes in
height due to the difference in resistances between the Faraday cup and the anode.
Additionally, even after one hour with a total of around 450 ion impacts there is no
visible degradation, so the ITO coated S1 electrode can be used as a detector on the
endcap.

As far as the author knows, using an ITO-coated window as an electrode in a
Penning trap was not yet implemented in other experiments, and in section 5.6 it is
shown that the technique works as an endcap electrode forming a Penning trap, since
it was possible to store ions in the spectroscopy trap. Closer investigations on how
the ITO-coated window affects the harmonicity of the trap still need to be performed.

4.5.2 Mini Electron Beam lon Source (EBIS), Cryovalve and Gas Injection

In the future, ArTEmis will obtain highly charged ions (HCI) either via the HiTrap
decelerator or from external EBITs (Sec. 4.6). Nevertheless, since the beamline con-
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necting Hitrap with ArTEMIS is still under construction, to this point, the ions are
produced inside the trap with a home-made mini electron beam ion source that can
ionize gases injected into the trap chamber by a cryogenic valve. Further information
about this system can be found in [51].

The Mini-EBIS

Typically, in EBITs, HCIs are produced by electron impact ionization, where the elec-
tron beam is usually created by thermionic emission of electrons. In the cryogenic
environment of ArRTEMIS this is not possible and therefore, electrons are produced
in a so-called field-emission point (FEP), a sharp needle made of tungsten, where
a highly negative potential is applied on a very small tip of several tens of nano-
meters. Therefore, the electric field line density in this tip is very high which leads
to electrons tunneling through the potential barrier. With another electrode, the
‘accelerator’ electrode on a positive potential, these electrons are attracted and due
to the high magnetic field trapped radially. The potential on the FEP defines ap-
proximately the kinetic energy of such produced electrons, whereas the accelerator’s
potential, among others, determines the electron-current density. Similar to an EBIT,
with reflection electrodes on both ends (in axial direction), the electron beam is also
trapped axially and can be reused and therefore much higher charge densities can
be achieved. Figure 4.32 shows a schematic of this principle as it is used in ARTEMmIS.
Neutral argon gas is let into the trap. The electron beam that was produced by the
FEP is confined by the highly negative potential walls created between H8/H9 and
H19. This electron beam then ionizes the argon gas, creating positive argon ions
which are trapped in the three wells of the creation trap — C12, C14 and C16. Once
lowly charged ions are trapped, they are constantly bombarded by the electron beam.
This is called charge breeding and leads to much higher charge states. By controlling
the electron-current density, the breeding time and the FEP voltage, different charge
states can be produced effectively (Sec. 5.2). Note that the maximum charge state is
always limited by the energy of the electron beam, thus by the voltage applied to the
FEP The FEP electron gun was built and tested by D. Lindenfels [51, 18].

The electron gun is supplied by a HV-FEP from StanL ELEcTRONICS, providing £3 kV.
As mentioned above, the voltage applied to the FEP controls the energy of the elec-
trons and the voltage applied to the accelerator determines coarsely the electron
current (also called ‘FEP current’). However, the overall FEP current is determined
by the FEP voltage, the accelerator voltage and the shape of the tip which can change
over time, since it is not only one single tip, but rather a ‘dominant’ tip with several
smaller tips on the side that can break or can be blocked by frozen residual gas. This
leads to different FEP currents for the same voltages at different times. Although
the display of the HV-FEP device shows this currents, it does not allow a PC-based
readout; therefore, twice in 2016, a table was made. Figure 4.33 shows some of the
values and it can be seen that there is a significant change.
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Figure 4.32: Scheme of the in-trap ion creation: the potentials of the ion trap are set such
that they form three potential wells. Additionally, the high voltage electrodes H8/H9 and
H19 are set to highly negative potentials and therefore, the electron beam from the FEP
is reflected between those electrodes. Argon gas is inserted which is ionized by electron
impact and the so produced ions are trapped in the three potential wells, where their
charge state will be further increased by charge breeding.
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Figure 4.33: FEP currents for different combinations of accelerator voltages and FEP volt-
ages, shown in different colors (legend). The left figure was measured in April 2016, the
right figure in October 2016.
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The Cryovalve and Gas Injection

To inject gas, a two-stage valve system is used which is explained in detail in [18].
In a first stage, the so-called ‘cross’ is flooded with argon gas. By using a dosimeter
valve, only a small flow of gas is led into a defined volume, whereas this flow is
maintained by constant pumping by a vacuum pump. Once this flow is stable, a
pressurized air controlled valve can be opened for a defined period of time. This
valve is preferred over an electrically-controlled valve since its relay can be placed
outside the strong magnetic field and therefore does not distract the field when being
switched.
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Figure 4.34: Schematic of the cryovalve: baffles inside a copper cylinder block a direct
path between the lower and the upper stainless-steel tube. This cylinder is cooled to
cryogenic temperatures and therefore, all gas atoms will freeze on the surface since they
touch the surfaces various times due to the chicane-like structure. Therefore, the valve is
closed. By heating the copper cylinder above a specific temperature, the gas atoms are
not frozen anymore on the surface and therefore, the valve is opened. Figure taken from
[51].

Between the pressurized air controlled valve and the trap chamber there is a sec-
ond valve: in order to reach a ultra-high vacuum, the complete trap chamber has
to be at temperatures of 4 kelvin to enable cryopumping. Since moving parts are
difficult to implement at cryogenic temperatures, a special valve was designed which
consists of a baffle structure that forms a chicane as it is shown in figure 4.34. This
chicane, when kept at very low temperatures, has a non-zero sticking coefficient for
all gases except helium. Due to its structure, all atoms will touch the surface of the
walls several times and as a result will stick at some point. This blocks all residual
gas atoms from the outside, enabling a vacuum in the trap chamber smaller than
107> mbar. By heating this chicane structure, the sticking coefficient can be modi-
fied, thus ‘opening’ it for argon gas. Hence, to inject gas, the cryovalve is heated for a
short period of time, increasing its temperature to approximately 30 kelvin, then the
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pressurized air controlled valve opens for a few milliseconds and an argon gas pulse
is let into the trap chamber. After a few seconds the cryovalve is again cooled down
to a temperature of 15 kelvin and ‘closed’ again.

4.6 Fast Opening Valve

The previous section described the in-trap ion production of medium-charged heavy
ions. In the future, ArtTeEmis will be connected to the Hitrapr facility which enables
access to heavy highly charged ions such as hydrogen-like uranium [88]. Addition-
ally, an external EBIT will be accessible for testing purposes and independence of
beam-time. Most of the beamline already exists and is described in [89, 90]. Never-
theless, the beamline of this connection, the so-called ‘last meter’ to ARTEMIS, is still
under construction.

Although the beamline vacuum is already a high vacuum with around 1071° mbar,
to achieve storage times for highly charged ions in the order of hours or even days,
the vacuum has to be at least 10713 mbar or better, which can only be achieved by a
quasi closed trap chamber and cryopumping. Therefore, one attempt is the so-called
fast-opening valve (FOV) which operates at cryogenic temperatures and separates
the two vacua, namely the beamline vacuum and the trap vacuum, by being opened
only for some tens of milliseconds. Hence, not to disturb the magnetic field, its
electrical motor has to have a certain distance to the magnetic field center. Since
a valve meeting these requirements was not commercially available, this FOV was
designed together with W. Schott from TU Munich and built by the company Pink.

Figure 4.35(a) shows a CAD drawing of the ‘last meter’ with the FOV being
installed below the magnet and figure 4.35(b) shows a cross-section of the fast-
opening valve: two electromagnets (ITS-LS 4035 D-12 from CoNRAD ELECTRONICS)
with a pulling force of up to 36 newton sit on opposite sides and take turns in pulling
via a long rod on the outer rim of the actuation tube. By turning this tube the shut-
ter placed on top of it will be opened and shut. Shutting, in this case, means that
a titanium bolt, which is slightly pressed against the bottom of the trap chamber, is
pushed in front of the entrance and therefore blocks it. For a room-temperature valve
this would not be sufficient to separate two vacua, since there is no sealing material
between them. For the FOV this is different, since all parts are at cryogenic temper-
atures of 4 kelvin and the vacuum conditions provide molecular flow. By blocking a
direct path all residual gas atoms will hit the cryogenic surface several times and due
to the non-zero sticking coefficient, they will be adsorbed after some contacts with
the surface.

The complexity of this device, in a mechanical sense, is rather high, since three
vacua (including the magnet bore vacuum) have to be separated and the tempera-
ture of 4 kelvin has to be maintained which requires additional heat radiation shield-
ing (Sec. 4.2) and therefore several tube-in-tube structures are necessary. A detailed
explanation of the exact setup, a description how to assemble the FOV, and first tests
and their results can be found in [54]. In atmospheric conditions functionality was
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Figure 4.35: (a) CAD drawing of the ArRTEMIS magnet, showing the fast-opening valve
and the ‘last meter’ of the beamline. (b) Cross-section of the fast-opening valve with the
drift tube and the trap chamber on top.

proven and opening times of several tens of milliseconds were achieved. Neverthe-
less, at cryogenic temperatures it could not yet be tested sufficiently.

On the other hand, simulations with the gasflow program Molflow+'® showed
that even with an opened FOV, due to the geometry of a thin tube and the cryogenic
temperatures, already a suppression in the transmission of residual gas atoms of
10~ can be achieved [54]. Additionally, SimIon!® simulations showed that it is
still feasible to place the shutter of the valve below the bottom magnet flange [91]
and therefore simplify the complicated inversed ‘T’ structure of the valve in a one-
dimensional apparatus. Both ways, the original idea of the FOV as well as a more
simplified structure, are currently under investigation.

18 Molflow+, A Monte-Carlo Simulator package developed at CERN’ that allows ‘to calculate

the pressure in an arbitrarily complex geometry when ultra-high vacuum condition is met.’,
http://molflow.web.cern.ch/

Simlon ‘is a software package primarily used to calculate electric fields and the trajectories of
charged particles in those fields when given a configuration of electrodes with voltages and parti-
cle initial conditions, including optional RF (quasistatic), magnetic field, and collisional effects.’,
http://simion.com/

19

74 4 Investigation of Argon lons in the ARTEMIS Apparatus



5 Preparation of an lon Cloud and
Measurements

For g-factor measurements in boron-like argon via double-resonance spectroscopy
(Sec. 2.3), a sufficiently cooled cloud of Ar'3* jons has to be stored in the spec-
troscopy trap (ST, Sec. 4.5). Experimental studies to find the right parameters for
important intermediate steps, such as creation of highly charged ions, cooling an
existing ion cloud, and removing all unwanted charge states, are presented in this
chapter. A detailed analysis of the creation trap (CT, Sec. 4.5) was carried out and
is reported. Transporting ions from the creation into the spectroscopy trap has been
successfully performed and further investigation of the transport between different
traps is outlined.

This chapter reports the measurements done with the setup assembled in the be-
ginning of 2016 whereas in [18] the results of the measurement time in 2015 can be
found. There, the fundamentals in ion creation and ion cooling were laid, however,
at that time, the setup suffered from limitations preventing further advance, e.g. the
short-circuit between electrodes C11 and C13!, the false fluorescence of the optical
parts and the malfunction of the resonator in the spectroscopy trap. These problems
were solved and together with some minor changes, several major improvements
were carried out between the 2015 and 2016 measurement time, as reported here:

* The microwave system capable of 65 gigahertz for irradiation of the ion cloud
was tested in a tabletop experiment and installed in the experiment (Sec. 4.4).

* The optical detection system was revised and improved, providing additional
modularity and adjustability (Sec. 4.3.3).

* A new axial resonator was built and connected to the spectroscopy trap whereas
the old axial resonator, which was previously connected to the ST, was repaired
and attached to the creation trap (Sec. 4.3.1).

* The argon gas injection system was improved which results in less leakage and
therefore in a better vacuum in the trap chamber and a longer usable period of
the argon gas bottle.

* A varactor diode was introduced to shift the resonance frequency of the cy-
clotron resonator (Sec. 4.3.2).

* The mesh on the endcap electrode S1 was replaced by an ITO-coated window
(Sec. 4.5.1).

Figure 4.27(b) in section 4.5 shows the labeling of the different trap electrodes.

1
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* During the 2016 measurement time a new spectrum analyzer (KEYSIGHT
N9000B-CXA) was introduced, with which the thermal noise of the ARES CT
could be detected (Fig. 4.10(a)), replacing the Ricor. DSA-815TG.

A detailed historic overview of the measurement phases can be found in section A.3.

In the first part, this chapter gives an overview of the data acquisition, the Las-
VIEwW control system, and introduces the most frequently encountered depiction of
measurement data, the charge-to-mass (Q/M) spectrum. Then a closer look into the
creation of ions with the current setup is given (Sec. 5.2), where investigations were
pursued in order to optimize the production of Ar'3*. Section 5.3 focuses on ion
cooling, namely the resistive cooling of the axial motions and afterwards, a more de-
tailed view on specific features in the creation trap is given, for example the creation
of highly charged tungsten W2’ or non-linear effects of the detection system. Based
on a measurement of the reduced cyclotron frequency the magnetic field in the cre-
ation trap is estimated in section 5.7. Afterwards, investigations on the ion transport
into the creation trap and from there to the spectroscopy trap are reported and the
measured ion signal in the ST is then shown and discussed. Finally, it is reported
how the ion cloud, a mixture of many different argon charge states, is purified via
the SWIFT method (Sec. 5.8), such that only Ar'3" is left.

5.1 Data Acquisition

If not noted otherwise, the data in this chapter was recorded by the KeysiGHT
N9000B-CXA spectrum analyzer (SA) which can be controlled by the Lasview experi-
mental system that is briefly explained in the following section, whereas afterwards,
the different methods of taking data with the spectrum analyzer are explained.

5.1.1 Introduction to the Measurement Labview System

The LasviEw? measurement system was introduced by D. Lindenfels [18] and further

extended during the time of this thesis. It is a work in constant progress and therefore
only a short introduction is given.

Most experimental processes and ideas, especially in the set-up phase of the ex-
periment, require flexible programming of the control system. For example, when
investigating a new technique, different ways of implementation have to be studied

2 LaBviEW is a graphical programming environment from NaTIoNAL INSTRUMENTS which is used in

many experimental physics groups since it provides a fast and pictorial way of programming
experiment-control systems. Program-subroutines are called virtual instruments (VIs) and consist
of a block diagram, where the graphical programming language is used and a front end, where
buttons, input and output panels and other graphical representations mimic the front end of a
physical measurement device. Different sub-VIs can be combined in order to built a comprehensive
measurement system.
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and huge sets of parameters are run through in night or weekend measurements to
find the best working point.

These requirements were satisfied best by exclusively using the block diagram
structure of LaBviEw. A so-called VI-tree was created, consisting of sub-VIs that each
represent an experimental procedure and therefore, by combining lists of parameters
with loop and flat sequence structures, more complex consecutive tasks can be built
and executed. Every measurement scheme is saved in a new file and thus, all param-
eters are saved with it. This is an improvement over the ‘front end’ system for the
master VI in which every new input needed to be attached with an additional saving
function. An example of such a measurement scheme is given in figure 5.1: first, an
ion creation is performed, then the trap is cleaned of unwanted ions and afterwards
the ions are magnetron centered and finally further cooled. The different techniques
are explained in the following sections.
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Figure 5.1: Example of a block diagram Lasview routine. By using the block diagram func-
tion, modularity is obtained by combining sub programs (sub-VIs) from the VI-tree. A flat
structure (‘film reel’) separates the consecutive tasks that are performed: first, ions are
created with a given set of parameters; then a cleaning task is applied; afterwards a loop
structure is executed, in which the ions are magnetron centered and then a spectrum is
taken; finally, the trap is set for ion cooling. The different techniques in this diagram are
explained in the following sections.

5.1.2 Spectrum Read Out

The most important measuring technique in ArTeEmis is the so-called spectrum ramp
or charge-to-mass ramp which is used for resolving the different ions in the trap ac-
cording to their charge-to-mass ratio. Three different methods, distinguishing mostly
in how the data is processed, can be utilized. Figure 5.2 gives a schematic illustrating

5.1 Data Acquisition 77



these methods which are explained in the next three subsections. Nevertheless, they
have in common that they exploit the relation for the axial frequency (Sec. 3.2):

_ \‘ QC, Uy
Wy = Md2 s (5.1)

to link the axial frequency directly to the charge-to-mass ratio Q/M; where
C, ~ 0.56 is a trap coefficient, d is the characteristic trap dimension (Eqn. 3.2) and
U; is the applied electric potential to the trap. The resonator is fix in frequency,
for example the ARES CT has a resonance frequency of 2t x737.5kHz, so by tuning
the trap potential Uy, ions with different charge-to-mass ratios come into resonance
with the resonator, thus, creating a resolved spectrum of the charge-to-mass ratios of
the ions. This procedure is performed stepwise where in each step, the trap voltage
is decreased® and the strength of the resonator signal is measured. Additionally, in
order to account for the fact that the charge-to-mass ratio depends quadratically on
the frequency, the voltage step size is adjusted correspondingly when applying lower
trap voltages and therefore, the value for the step size is given in units of frequency
rather than in volts. Figure 5.2 shows the three different schemes that can be applied
in order to record a spectrum ramp.
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Figure 5.2: Scheme of the three different methods for data taking: after each voltage
step a data set is taken and either directly evaluated or saved for later evaluation and
with the so achieved data, for example, spectra resolved by the charge-to-mass ratio of
the ions can be created. More information is given in the text.

3 Since it does not matter for the signal shape, if the ramp goes from lower to higher voltages or

vice versa, the latter is taken, to minimize the ion loss by cooling them first before the potential
decreases.
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Zero-Span Mode

In the ‘zero-span mode’ the local oscillator of the spectrum analyzer is set to a specific
frequency, namely the center frequency of the resonator and the signal amplitude is
integrated in the bandwidth window around this frequency. Thus, the signal strength
is presented as a function of time. The advantage of this method resides in its rapidity
and its sensitivity since with this measurement method a spectrum can be created,
even when the thermal-noise resonance of the resonator cannot be detected due to
the high internal background noise (as it is the case with the Rico1 SA). For the ‘zero-
span mode’ the usual setting is a recording time of 100 milliseconds per voltage step,
with a bandwidth of 100 or 300 hertz. After each step, the mean value of the signal
strength in the recorded time window is calculated and saved.

Direct LaBview Fit

The ‘direct Laview fit’ method takes advantage of the fact that with the KeysiGHT
SA the thermal noise of the ARES CT is visible. After each voltage step a complete
resonance spectrum is recorded and then, with a in LaBviEw implemented routine, a
Lorentzian is fit to it; the peak value is saved and the next voltage step is applied.
Afterwards, every peak value is plotted versus the voltage in order to receive the
spectrum. Although in principle the spectrum analyzer can record one of these spec-
tra in only a few milliseconds, when the fast Fourier transform (FFT) mode is active,
the rather long fitting time of the LABVIEW program increases the overall time that is
needed to record one spectrum.

Later MATHEMATICA Fit

In the ‘later MatHEMATICA fit’ method, the spectrum is recorded similar to the previous
method, but the complete data of the spectrum is saved on the disk and, after the
complete measurement, a MATHEMATICA notebook needs to be loaded to fit the data.
Since it can use the advantage of the FFT mode of the SA, the method is also fast
in recording the overall data and additionally, all informations are saved and can
be used for later evaluation. Nevertheless, the disadvantage of that method is the
amount of data — one single ramp needs approximately 100 MB of disk space — and
also it is quite unhandy, since it is always necessary to run the MarHEMATICA notebook
afterwards. Figure 5.3(a) shows a 3D plot of an unevaluated data set taken with
the ‘later MarHEMATICA fit’ method. In every step a complete spectrum of the thermal
noise of the resonator is taken and once the ions start to get into resonance with
the resonator, the overall curve gets wider and broader. This happens because the
ions axial motion bandwidth is much broader than the ARES CT bandwidth - if the
motional bandwidth was smaller, a peak would rise on the thermal noise resonance
curve and in the case of only a few cold ions, this could even result in a dip [49].
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Figure 5.3(b) displays that all three methods yield similar results. Since by ap-
plying them consecutively on the same ion cloud, the only difference is in relative
amplitudes due to different normalizations in the processing of the data. Never-
theless, creating this spectrum with the ‘zero-span’ ramp took 4 minutes, with the
‘direct LaBview fit’ it took 18 minutes and with the ‘later MatHEMATICA fit’ it took
6 minutes (plus the post-processing) and therefore, if it is not necessary to save more
information, spectrum ramps are usually recorded in the ‘zero-span mode’.
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Figure 5.3: (a) lllustration of the unevaluated data taken with the ‘later MaTHEMATICA fit’
method. For each voltage step a complete axial frequency spectrum is recorded; if the
ions are in resonance with the resonator, the spectrum gets broader and therefore, by
estimating the axial signal height and plotting it versus the trap voltage, the different
ion species can be resolved by their charge-to-mass ratio. (b) With the three different
methods of taking data a charge-to-mass ratio spectrum was created, thus, the results
differ only slightly, merely an offset, due to the different normalizations in the processing
of the data, can be seen.

5.2 lon Creation

In the future, when ArTEMIS is connected to the HiTrRAP beamline, highly charged ions
will be received from an EBIT or the GSI accelerator facility. At the current status,
they are produced inside the trap with the mini-EBIS (Sec. 4.5.2):

As a reminder from the previous chapter: to create ions, first the potentials of
the CT are set such that three harmonic traps are formed and the electron beam is
switched on by applying a negative high voltage on the FEP (field-emission point)
and a positive high voltage on the accelerator electrode. Additionally, the reflector
electrodes H19 and H8/H9 are set to a potential 400 volts more negative than the
FERB so the electron beam is reflected back and forth over the length of the creation
trap. The cryovalve is then heated and the air-pressurized valve opened for a time of
54 milliseconds and thus, the argon gas flows into the trap chamber, where the atoms
are ionized and confined in the three traps. Further charge breeding takes place,
since the trapped ions are furthermore exposed to the electron beam (Fig. 4.32).
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After the charge-breeding time t. the electron beam is switched off and the ions
in the three traps are concentrated into the central trap C14* (Sec. 5.4.3). Alterna-
tively, it is not always necessary to inject argon gas, since argon can also be sputtered
from the walls of the trap that have argon frozen to the 4 kelvin cold surface. Only
occasionally, when the creation efficiency decreases, new argon gas has to be in-
serted. Altogether, there are several parameters that can be tuned in order to create
a suitable ion cloud including Ar'3*.

Field Emission Point (FEP) Voltage

The FEP voltage can be altered between voltages of —500 volt and —3000 volt with
the energy of the electron beam closely related to it, thus, higher charge states can
only be produced if the FEP voltage times the electron charge is above the ionization
energy needed for this charge states (Tab. 5.1). Although the rate at which a charge
state is created strongly depends on the FEP voltage, it should be noted that with
higher voltages also the next higher charge state can be produced more efficiently
and therefore, the total amount of the originally desired charge state decreases [92].
For example figure 5.4(a) shows an ion cloud that was produced with a FEP voltage
of —1800 volt and it contains more of the undesired higher charge states than Ar'>*.

Table 5.1: lonization energies (IE) for various argon charge states. Data taken from [93].

Charge State 17+ 16+ 15+ 14+ 13+ 12+ 11+ 10+ 9+ 8+ 7+
IE [eV] 4121 918 855 756 686 618 539 479 422 143 124

Accelerator Voltage

The accelerator voltage is the main parameter for changing the electron-beam den-
sity, since, by applying higher voltages, the electrons are stronger attracted to the
accelerator electrode, and therefore, more electrons will tunnel out of the FEP With
higher electron-beam densities higher charge states can be produced more efficiently,
but additionally, with higher FEP currents the ion cloud gets heated stronger. Since
the tip of the field-emission point degrades over time, the effective electron-beam
density changes. Hence, the FEP current should be taken as a reference, thus making
the ion creation more reproducible. In order not to harm the tip, the FEP current
should never exceed 500 nA.

4

‘Trap C14’ denotes that the electrode C14 acts as the ring electrode and therefore, electrodes C13
and C15 are on the opposite potential, forming the endcaps and if not noted separately, all other
electrodes in the creation trap are set to corresponding alternating potentials to form a harmonic
trap.
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Breeding Time

The breeding time t, defines the duration of how long the electron beam is switched
on. Therefore, with a longer breeding time, higher charge states can be produced
more efficiently, but since more electron impacts occur, the ion cloud gets heated
stronger. For example, this can be seen by comparing figure 5.4(c) with figure 5.4(d).

Argon Gas Pulse

For gas injection into the trap chamber, first the cryovalve is heated and then the
pressurized-air valve is opened for a short period of time. This can be either carried
out while the electron beam is active, or gas can be injected beforehand, such that
some atoms will stick on the surface of the trap and when the electron beam is
switched on will be sputtered and ionized.

Creation Parameter Sets

Although in [94] the highest production rate for Ar'** was found to be at a FEP volt-
age of —1.855KkV, the calculations were carried out with many assumptions that are
not known very precisely and therefore, additional measurements were performed in
order to optimize the production of Ar'3*. Exemplarily, figure 5.4 shows the results
for four interesting sets of parameters after some initial cooling. In this chapter, la-
beled lines are drawn in most figures and help to identify the different charge states.
The theoretical positions of these lines were calculated and the whole pattern shifted
(Sec. 5.3), such that it matches the positions of the center of the ion signals. However,
in some figures, in order to visualize the shift from the ion signal to the theoretical
values, the lines are drawn at the theoretically calculated positions and thus, this is
noted in the caption.

(a) Figure 5.4(a) shows a charge-to-mass spectrum of an ion cloud that was created
with a high FEP voltage of —1.8kV, a high FEP current of 370nA and a long
breeding time of 3 min which leads to a production of higher to highest charge
states. Plenty of Ar'®*, Ar'*", Ar'>" and even Ar!®* ions are created.

(b) Figure 5.4(b) represents the opposite, with a FEP voltage of only —780V, just
slightly above the ionization potential of 756 eV for Ar'**, together with a FEP
current of 240 nA and again a long breeding time of 3 min it is not possible to
create a sufficient amount of Ar'3* jons.

(c) Figure 5.4(c) was generated by the so-called ‘hot’ ion creation, a parameter set
frequently used. It comprises a FEP voltage of —1.6kV and a rather high FEP
current of 370 nA with a long breeding time. This set of parameters is found to
produce, relative to the other charge states, the highest amount of Ar*®** ions
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but, due to the long breeding time and the high electron-beam density, the ions
produced are quite hot and more additional cooling is needed afterwards.

(d) Figure 5.4(d) shows the result of the parameter set referred to as the ‘cold’ ion
creation. It is the second set of parameters that is used frequently and repre-
sents with a breeding time of only 1 second and the relatively low FEP current of
170 nA the most gentle way to ionize the gas atoms (more similar to the creation
in [49]), resulting in a colder ion cloud. Although Ar'?* is more abundant than
the desired charge state Ar'®*, the number of unambiguously distinguishable
charge states as well as the reduced intensity of higher charge states compen-
sates for this, since in section 5.8 it is shown that removing lower charge states
is easier than removing higher charge states. Therefore this creation mode is

the most appropriate one when aiming for a pure Ar'** ion cloud.
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Figure 5.4: Charge-to-mass spectra of ion clouds that were created with four different
sets of parameters, where Upggp is the FEP voltage, U, is the accelerator voltage, I. the
FEP current and t. the breeding time. For better identification of the different charge
states, lines with the corresponding charge state of argon are drawn which are shifted
from the theoretical values. Please note that figures (a), (b) and (c) were recorded with
the RicoL SA.
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Tungsten lons

Since the trap chamber does also contain other atom species due to the various ma-
terials used and since it also contains residual gas atoms, it is very likely that these
atoms get ionized as well. In [18] it is already shown that, if the residual gas pressure
is too high in the trap chamber, O°* to O%' can clearly be identified.

It was found that, if the accelerator voltage is very high and therefore the FEP
current is in the order of many hundreds of nanoampere, it can lead to tungsten
ions being produced in considerable quantities. The field-emission point, responsible
for the electron beam, consists of tungsten, thus, by applying high FEP currents,
tungsten atoms can be released from the tip and further ionized by the electron
beam. As shown in figure 5.5 tungsten ions up to charge states of W2’* are visible.
Table 5.2 gives some ionization energies for tungsten, hence, with a FEP voltage of
—1.6kV theoretically even W3¢ would be possible.

Table 5.2: lonization energies (IE) for various tungsten charge states. Data taken
from [95].

Charge State 37+ 36+ 28+ 27+ 26+ 25+ 24+ 23+ 22+ 21+
IE [eV] 1622 1569 1132 881 833 784 734 686 641 595
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Figure 5.5: With high FEP currents tungsten atoms are released from the FEP, which
consists of a sharp needle made of tungsten, ionized and trapped together with the
argon ions. Due to further ionization, charge states up to W2’* can be identified. Please
note, that for a better identification of the different charge states, the labeled lines are
shifted from the theoretically calculated positions.

5.3 lon Cooling

In Penning traps, in order to prepare cool ion clouds, various techniques can be
applied, such as, for example, laser cooling [96] and resistive cooling [48]. This
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section discusses the resistive cooling which has been applied to the axial motion of
the cloud. With the help of axial cooling also magnetron centering was performed.

Resistive or ‘bolometric’ cooling takes place when the motion of the ions is brought
into resonance with the detection circuit and therefore, via the image current I,
power is transferred into the ohmic resistance R, (Sec. 3.3) of the resonance circuit
according to:

Pr =L R,. (5.2)

Since the resonance circuit is located in a thermal bath at a temperature of 4 kelvin,
the ion motion can therefore be cooled to that temperature. For a single ion with the
three independent motions, an exponential decay of the axial kinetic energy can be
expressed as

_D*M

E(t)=E,(0)e with y'=1= R a

(5.3)

where 7 is the cooling time constant which is dependent on the mass M and the
charge Q of the cooled ion and on the ‘effective electrode distance’ D that was first
introduced in [49] and combines the geometry-dependent factors explained in [46].
A method to calculate D from the induced image current for cylindrical electrodes is
given in [97] and is explained in [96].

For ions which are stored in the trap formed by the electrode C14 as the ring
electrode and the ARES CT connected to the electrode C13, D can be calculated
according to:

Dl = —1 f Io(x1/po) [sin (XZ _ZR) (2 —25) —sin (xz —Z] ) (z _ZL)] dx,
PoT Jo Io(x) Po Po
(5.4)

where I(x) is the modified Bessel function of the first kind, p, = 8.704 mm is the
inner radius of the electrodes, and z; = 7.456 mm and z; = 2; + 2.3 = 21.568 mm
(where z.;5 is the height of the C13 pick-up electrode) are the distances from the
Cl4-trap center to the nearer edge of the C13 electrode and the distance to the
further edge of the C13 electrode, respectively (Tab. 4.13).

For different axial and radial positions z and r equation 5.4 was calculated and the
results are given in figure 5.6. The right ordinate of this figure additionally shows
the corresponding cooling time constant 7 in the case of the ARES CT and Ar'3*,
As it can be seen, the effective electrode distance D is strongly dependent on the
axial and radial position of the ions — a change of almost one order of magnitude is
possible and due to T o< D? the cooling time constant can easily vary by two orders
of magnitude.

Although the theory of ion cooling of single ions or small clouds consisting of
a few ions is well understood, for bigger ion clouds, and especially for such with
different charge states, there is no model that can describe the behavior sufficiently;
nevertheless, different models can be found, for example, in [35, 96].
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Figure 5.6: Calculated effective electrode distance as a function of the axial position 2
from the trap center for various radial positions r. The right ordinate additionally shows
the corresponding cooling time constant 7 in the case of the ARES CT and Ar®3*.

Axial Cooling

When the ions are in resonance with the resonator, energy from the motion of the ions
is dissipated in the resonator that is cooled to cryogenic temperatures. Therefore,
whenever a spectrum ramp is recorded, consecutively different ion species come into
resonance for some limited period of time: in ArRTEMmIS, due to the energy distribution
of the ions, the oscillations have a frequency distribution with a bandwidth of around
10 kilohertz which is several times larger than the bandwidth of the resonator with
850%£20 hertz. Thus, depending on the step size (mostly 300 hertz), a certain ion
species will be in resonance for several steps, hence, every spectrum ramp is also a
cooling ramp with the amount of cooling dependent mostly on two parameters: the
step size chosen and the scan time and therefore, how long the dwell time for each
voltage step is (which is, when measuring with the zero-span mode and the usual
settings, around 0.55 seconds). Figure 5.7 shows the typical evolution of an ion
cloud that was created with a low current, a short breeding time and a FEP voltage
of —1600 volts, where consecutive cooling ramps were applied until the ion cloud is
sufficiently cooled. Note that the cooling took place during each ramp and recording
each ramp took about 5.5 minutes. Please note, that the voltage is ramped from
higher to lower values.

(a) Since the ion cloud is still hot, the first cooling ramp, directly after creation,
shows a blurred signal which decreases from right to left as the ion cloud gets
cooled.

(b) The second ramp shows the ions after the first initial cooling where already
some discrete peaks are visible, nevertheless the different charge states are not
yet distinguishable.
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(c) After some more cooling ramps, e.g. after the 8th ramp, the charge states can be
identified by shifting the lines of the theoretical values by a voltage of 5.2 volts
to higher voltages. Since the ions are still hot, they are likely to be outside

the harmonic part of the potential and therefore, their center frequencies are
shifted.

(d) The frequency shift decreases since the ions get cooled; nevertheless, it is still
visible in this 17th ramp.

(e) A large shift occurs when comparing the 17th to the 18th ramp (see also
Fig. 5.8(b)); in the 18th ramp, the positions of the different ion species al-
most coincide with their theoretical values.

(f) After further cooling, e.g. after the 88th ramp, a much colder ion cloud can
be recorded. The asymmetries with an emphasis on the left stems from a non-
vanishing C, < 0 coefficient of the creation trap (Sec. 3.1) and could be used in
tunable traps (for example in the ST) to tune out trap anharmonicities [47].
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Figure 5.7: Consecutive cooling ramps after an ion cloud creation with a FEP voltage
Urep = —1.6kV, an accelerator voltage U, = 0.95 kV and the corresponding FEP current
I. = 170nA, with a breeding time of t. =1s and no gas pulse (‘cold’ ion creation,
Sec. 5.2). The lines in the figures give the theoretical positions of a single argon ion
with the corresponding charge state; more information about the spectra is given in the
text.

Various spectra recorded by consecutive cooling ramps were evaluated and are
given in figure 5.8: For figure 5.8(a) the mean value of the complete signal strength
of every but the first spectrum ramp is calculated and plotted versus the number of
the ramp; two sets of data were measured, each with a different step size (Sec. 5.1).
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The axial motional frequency distribution depends on the energies of the ion mo-
tions. In the equations 3.11 it is shown that with a non-zero C, the axial motional
frequency is not only dependent on the axial motional energy but also on the mag-
netron motional energy and for a non-homogeneous magnetic field also on the modi-
fied magnetron motional energy. Since for higher energies the frequency distribution
gets broader, the mean value of the signal is proportional to the motional energies,
hence, gives a measure of the temperature of the ion cloud [98].
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Figure 5.8: Two ion clouds have been cooled, each by a set of consecutive cooling ramps,
one with a frequency step size of 300 Hz and the other with frequency step size of 600 Hz.
(a) The mean value of the complete signal strength of each spectrum ramp is calculated
and plotted versus the number of the ramp. Two exponential functions are fit to the
data. (b) For each ramp the shift of the ions axial motional frequency to the theoretical
value is determined and plotted against the number of the ramp.

In blue, with the standard step size of 300 hertz, the slower ramp, where every
ramp takes 10 to 11 minutes to measure, is shown. In yellow, with a step size
of 600 hertz, the faster ramp is given where every ramp takes 5 to 6 minutes.
Two exponential functions are fit to the data and, with additional assumptions,
the cooling time constants 7 for the first exponential function are Tsggy, = 735
and Tgyop, = 24s. The expected value for the cooling time constant from equation
5.4 would be in the range between 100 milliseconds to a maximum of a few seconds.
Thus, the two measured and this theoretical value do not coincide. One reason might
be the additional heating of the ion cloud which takes place, due to the fact that the
trap voltage is reset and thus raised after each ramp. Additionally, since the ion cloud
consists not only of many ions, but also of different charge states, the models which
are suitable for few-ion systems cannot be applied anymore. For figure 5.8(b) the
difference between the position of the different ion species and their corresponding
theoretical values was determined and this shift is plotted versus the number of the
ramp. At one point a strong non-linearity can be seen when the shift drops to almost
zero which happens for both sets of measurements at almost the same frequency shift.
However, a similar drop has also been seen in many other measurements. It cannot
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be explained with usual cooling models, due to the various ion species and the large
ion clouds. It is nevertheless important to account for that drop when implementing
the so-called SWIFT cleaning technique (Sec. 5.8) that requires that the exact center
axial motional frequency of the different ion species is known.

Magnetron Centering

With the help of resistive cooling of the axial motion also centering of the mag-
netron motion by axial sideband coupling can be carried out. Figure 5.9(a) shows
the principal concept for a single ion which utilizes the fact that the amplitude of
the magnetron motion decreases, the more energy is deposited in it (Sec. 3.1): by
irradiating the sum frequency of the axial and magnetron frequency w, + w_ the
magnetron motion gets more centered, but at the same time the amplitude of the
axial motion increases. Therefore, by setting the trap potential such that the axial
frequency is in resonance with the resonance circuit, the axial motion is cooled si-
multaneously, thus, counteracting the heating of the axial motion and resulting in a
net magnetron motion centering [99].
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Figure 5.9: (a) The level scheme of the different quantized ion motions, similar to fig-
ure 3.4, illustrates the technique of axial sideband cooling: by irradiating the sum fre-
quency of w, + w_ energy is deposited in the axial motion and the magnetron motion.
Therefore, the axial quantum number is increased and, since the the magnetron mo-
tion is inverted, the magnetron quantum number is decreased at the same time. In
order to counteract the increase in the axial amplitude, resistive cooling is applied which
simultaneously cools the axial ion motion, thus, resulting in a net centering of the mag-
netron motion. (b) After irradiating the broadband signal containing the sum frequency
of w, + w_, the axial motional frequency distribution of Ar'>™ gets narrower since cen-
tering of the magnetron motion took place.
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In section 3.2 the magnetron frequency is given according to:

2 2
w =2 [P % (5.5)
2 4 2

which with a magnetic field of 7 tesla and an axial frequency of w, =2 wx737 kHz
results in a magnetron frequency for Ar'** of w_ =2 mx7.8 kHz. Since the magnetic
field in the creation trap is not known precisely and since it is not homogeneous,
a broadband excitation (Sec. 5.8) was chosen when first trying the technique —
the trap was set to a potential to continuously cool Ar'** ions and meanwhile a
broadband signal, consisting of 10 x 100 bursts with 100 ms excitation time each and
an excitation voltage of 0.1V, , ranging from w,+2x4.3kHz to w,+2mx19kHz,
was irradiated. Figure 5.9(b) shows the spectral distribution of the axial motional
frequencies for Ar'3* and Ar'?" before and after irradiating the sum frequency and
therefore applying magnetron centering — it can be seen that for Ar*>* the bandwidth

of the distribution gets narrower.

5.4 lons in the Creation Trap

This section focuses on some peculiarities of the creation trap which consists of nine
similar electrodes that can form up to three traps where the center trap with the ring
electrode C14 is most harmonic when an alternating potential on the electrodes is
applied (Sec. 4.5). Since the trap chamber and all parts of the trap are cooled to a
temperature of 4 kelvin, the so-called ‘cryo pumping’ leads to ultra-high vacua.

5.4.1 Residual Gas Pressure Estimation

Due to the good vacuum conditions, high charge states can exist for days or even
weeks, since the rate of residual gas collisions, which would lead to charge ex-
change, is extremely low. This can be seen in figure 5.10 where a strongly cooled
ion cloud was stored over the course of days and after a first spectrum ramp, two
more were recorded after 24 hours and 48 hours. Additionally, the inset in the figure
shows the change of the mean signal of the frequency distribution of each charge
state in arbitrary units where the blue dots indicate the mean signal of the initial
ramp, the yellow and the green dots the mean signal after 24 hours and 48 hours, re-
spectively. During this time, charge exchange takes place. For example: the amount
of highly charged Ar'#" ions gets smaller whereas the amount of lowly charged Ar®*
gets larger. Therefore, the residual gas pressure can be roughly estimated from the
change in axial signal according to [21], were for a pure ion cloud this pressure can

be estimated by
1 kB T Mm
= \ , 5.6
P ot,. 3 (5.6)
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where o is the cross section for electron capture, k; the Boltzmann constant and
T the temperature of the ions. Additionally, t. and u,, are given by
mg m; ty

=—— and t.= , 5.7
Hm mg +m; ‘ Ink &7

where my and m; are the mass of the residual gas atom and the mass of the ion.
N is the initial amount of ions and N; the amount of ions that is still there after the
time t; has passed. In the case of figure 5.10 one can take for example the axial
signal of the Ar'3" ions at time t = 0 and after t; = 48h. To make a conservative
estimation it is assumed that all higher-charged ions that are lost become Ar'3*. With
this, a decay constant of t, = 78 days is calculated. By assuming a charge-exchange
cross section of roughly o = 5x 1071°> cm? (for example [100] or the Miiller-Salzborn
fit from [21]) and a temperature of 4K, an upper limit for the residual gas pressure
is estimated to 9 x 10~ !¢ mbar.
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Figure 5.10: Spectra of highly charged argon ions after they have been trapped for one
day and two days. The inset shows the evolution of the total signal of each corresponding
charge state during this time in arbitrary units. With this lifetime an upper limit of the
residual gas pressure of 9 x 1071 mbar was estimated. Please note, that for a better
identification of the different charge states, the labeled lines are shifted by 1V towards
higher voltages compared to the theoretically calculated positions.

5.4.2 Higher-Order Motion Seen by the Detector

With a certain preparation of an ion cloud in the creation trap, non-linearities of the
detection system can be made visible: after a creation with a FEP voltage of —1.15kV
and an accelerator voltage of 1.9kV, leading to an FEP current of 370 nA, and after
cooling for several hours, many fast spectrum ramps with small step sizes are carried
out. They do not apply severe cooling, but excite the ions due to many fast changes
in potential and therefore, the amplitude of the ions is increased.
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With such a prepared ion cloud, it is possible to create a spectrum as shown in
figure 5.11. Additionally to the usual Ar** charge state distribution another spectrum
appears at lower voltages, at the position corresponding to a charge-to-mass ratio of
1.2. This position would leave only H" as a potential candidate, but since also a
pattern is visible, this signal must originate from something else: since the ARES CT
is at the fix eigenfrequency of around w, = 2 wx740 kHz, when taking a spectrum,
the voltage is ramped from higher to lower values which will induce a signal when
the ions axial motional frequency w, is also at 2 tx740 kHz. At lower voltages, when
the ions axial motional frequency is at around half the ARES CT frequency, w,/2, and
therefore at a quarter voltage (w, o< 4/Uy) an additional signal is detected. This is
due to the non-linear properties of the non-ideal ion cloud and detection system,
hence, by having a finite ion cloud inducing a signal in the finite pick-up electrode.
The ion motional frequencies therefore feature also higher harmonics, hence, when
w, = wy/2 the first higher harmonic will be at w, and induce a signal into the the
ARES CT. To illustrate this effect in figure 5.11, the signal is magnified four times
(w, o< 4/Uyr) and depicted as an inset above the argon peaks, thus, showing the
same position and separation between the peaks in both plots and the same relative
height of the signals.
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Figure 5.11: Charge-to-mass spectrum of an usual Ar** distribution on the right hand
side with a structure on the left that can be identified as non-linearities of a non-ideal
detection system showing higher order ion motions. Since w, o< /Uy, the structure can
be four times magnified and shown as the inset with the center of the novel peaks of the
structure coincide with the center of the peaks of the argon charge-state distribution.
Please note that this figure was recorded by the RicoL SA. Please note, that for a better
identification of the different charge states, the labeled lines are shifted by 1.5V towards
higher voltages compared to the theoretically calculated positions.
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5.4.3 lons in the Trap with C12 as a Ring Electrode

When creating ions, all three traps in the creation trap store highly charged ions and
therefore, after the electron beam is switched off, a transport procedure is applied
in order to collect them in the center trap Cc14° (Fig. 5.12). Figure 5.13(a) shows a
schematic of this transport procedure: first the potential of C13, that separates the
traps C14 and C12, is lowered, resulting in a long flat potential well; afterwards the
potential of C12 is raised followed by raising the potential of C13, hence, closing the
trap. This procedure is then repeated for the ions in the C16 trap.

As already mentioned in the previous chapter, ARES CT is connected to electrode
C13 and therefore can detect ions in the C14 trap as well as in the C12 trap. This
is shown in figure 5.13(b) where the blue curve not only shows the typical pattern,
but also different smaller peaks in-between which are caused by the signal of the ions
stored in the C12 trap. Hence, in order to only store an ion cloud in the C14 trap, after
the concentrating procedure a potential is applied corresponding to the last panel in
figure 5.13(a) (i.e. lowering C11, C12, C16, C17) which removes all remaining ions
in the traps C12 and C16.

Ions can also intentionally be transported into the C12 trap, where one would ex-
pect the same signal as when they are stored in the C14 trap due to the symmetry
of C14 and C12 around the pickup electrode C13. Nevertheless, it is shown in fig-
ure 5.13(c) that this is not the case. On the one hand, this is due to the magnetic field
which is not homogeneous in the region of the creation trap, and therefore a shift in
the axial frequency occurs (Sec. 3.2). On the other hand, compared to the trap C14,
the trap C12 does not have two neighboring traps that can shape its potential and
therefore its C, coefficient differs from the one of the C14 trap.
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Figure 5.12: Scheme of three traps formed in the creation trap with ring electrodes C12,
C14, and C16.

Since every electrode in the creation trap can be used as a ring electrode with its neighboring
electrodes as the corresponding endcaps, the ‘trap C14’ depicts a trap where the electrode C14
represents the ring electrode. Similar would ‘trap C12’ depict the trap where the electrode C12
represents the ring electrode and the electrodes C13 and C15 represent the endcap electrodes.
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Figure 5.13: (a) Schematic of the ion concentration procedure applied after creation.
After the ions from the C12 trap are merged with the ions in the trap C14 as shown in the
first four panels, a similar procedure is applied to combine the ions in the trap C16 with
the ions in the C14 trap. Finally, the potential is set according to the last panel, such that
all remaining ions in the traps C12 and C16 are removed. (b) The blue ramp shows the
signal of the ARES CT that is connected to electrode C13 and therefore can detect the ion
motions in the trap C14 and additionally in the trap C12 where the peaks are shifted due
to different C, coefficients of the two traps. The yellow curve shows the ion signal after
removing all remaining ions from C12, according to the last panel of the previous figure.
(c) The ions are transported between the two traps C12 and C14 and although the shape
of the ion cloud is similar, a frequency shift occurs due to the different C, coefficients of
the two traps and due to the inhomogeneous magnetic field in the CT. Please note that
(b) and (c) were recorded by the RicoL SA. The lines in the figures give the theoretical
positions of a single argon ion with the corresponding charge state.

94 5 Preparation of an lon Cloud and Measurements



5.5 lon Transport

After creating and cooling Ar*™ ions in the creation trap, they are transported into
the spectroscopy trap in order to perform double-resonance spectroscopy. Although
the transport into the spectroscopy trap is functioning, as it is shown in the next
section (Sec. 5.6), transporting the ions back into the CT failed and was therefore
investigated in more detail. Figure 5.14 shows a scheme of the transport procedure:
the potential of electrode C13, the neighboring electrode to C14, is lowered, such
that a flat potential well is formed with C13 and C14 being the ring electrodes. After-
wards electrode C14 is lifted, with the lifting is always carried out slowly. Since the
filterboards do not allow switching times shorter than a few milliseconds, it is always
slowly compared to the hundreds of kilohertz of the ion oscillation frequency. Finally
the ions are stored in the trap C13 and similar procedures are repeated consecutively
until the ions reach their destination.
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Figure 5.14: Scheme of one step of the transport procedure. The ions are stored in the
trap C14 when the potential wall ergo electrode C13 is lowered and a flat potential well
is formed, afterwards, by raising the potential of electrode C14, the ions are stored in
the trap C13. This procedure can be consecutively applied until the ions reach the desired
trap.

To investigate some properties of the transport procedure, various measurements
were conducted e.g. a cooled ion cloud was transported into the neighboring trap C12
and with a spectrum ramp it was assured that the signal originates from the ions in
the trap C12 and the transport was successful. Afterwards the ions were transported
back into C14 and another spectrum ramp was recorded. This was done consecu-
tively and in figure 5.15(a) the total signal of the ramps in the trap C14 is plotted
versus the number of transports. While after each transport the ions get heated,
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every ramp applies additional cooling. Due to the broadening of the axial motional
frequencies for higher motional energies (Eqn. 3.11), this cooling gets more efficient,
the hotter the ion cloud gets, since the amount of voltage steps where the motional
frequencies are in resonance with the ARES CT increases. Thus, an exponential func-
tion is fit to the data that indicates a saturation after around 50 transports.

In order to investigate multiple transports without applying too much additional
cooling, additional multiple transports as shown in figure 5.15(b) were conducted.
The ion cloud was transported another five times and afterwards a spectrum ramp
was recorded — the argon ion charge states are still distinguishable. Subsequently, the
ion cloud was transported another 1000 times and the corresponding spectrum ramp
shows that the ions are still in the trap but much hotter and the signal therefore more
blurred. Finally, after additional 10 000 transports to the trap C12 and back another
spectrum was recorded and yet still some lower charge states like Ar'*, Ar* and
Ar®" remained in the trap. Since the transport was performed with the maximal
voltage of £250V applied to the electrodes, the ions are strongly bound axially and
the only possibility a huge amount of ions can be lost is due to widening of the
magnetron motion which is even enhanced compared to the ST, as the magnetic field
gradient in the CT is quite large. Nevertheless, a significant loss of ions took place
after the ion cloud was transported to the trap C12 and back in total 11025 times.
After 1025 transports in total the ion cloud was hot, but no severe ion loss was
encountered. Therefore it can be assumed that a single or only a few transports
to the ST and back should not result in ion loss due to widening of the magnetron
motion.
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Figure 5.15: (a) An ion cloud is consecutively transported to the trap C12 and back to the
trap C14. After each transport a spectrum ramp is recorded and the total signal of this
spectrum is plotted versus the number of transports. Additionally, an exponential fit is
applied to the data points. (b) Afterwards, the same ion cloud is transported additional
5 times, 1000 times and another 10 000 times to trap C12 and back to trap C14 and after
each of the three sets of transports a spectrum ramp is recorded. The lines in the figures
give the theoretical positions of a single argon ion with the corresponding charge state.
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5.6 lons in the Spectroscopy Trap

With a transport procedure similar to the one in figure 5.14, an ion cloud, created in
the creation trap, was transported to the spectroscopy trap®. Figure 5.16 shows the
charge-to-mass spectrum for such a transported ion cloud in blue after the transport.
After a time of 100 minutes and 7 cooling ramps, another spectrum was recorded
which is shown in yellow. Please note that in this figure the voltage applied to the
ring electrode S3 is given, as it resembles the total trap voltage U; since the ITO
coated endcap electrode (S1) is grounded.

This measurement demonstrates that transporting Ar'>* ions into the spectroscopy
trap is possible and therefore proves the functionality of the ITO-coated window as an
endcap electrode. Unfortunately, the resonator in the spectroscopy trap broke shortly
after recording this figure, so no further investigations of ions in the spectroscopy trap
could be carried out.
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Figure 5.16: Signal of an ion cloud, after it was transported to the ST. The signal was
recorded with the ARES ST and is shown by the blue curve, the yellow curve shows the
ion signal after a time of 100 min had passed and 7 cooling cycles were applied. This
figure was recorded by the RicoL SA. The lines in the figures give the theoretical positions
of a single argon ion with the corresponding charge state.

5.7 Cyclotron Frequency

Since the cyclotron resonator is connected to the spectroscopy trap, it is not possible
to measure the modified cyclotron frequency w, of the ions directly in the creation
trap. Nevertheless, due to the ion clouds extent and the non-homogeneous magnetic

®  This transport was carried out with the transport procedure ‘transport E14 to E3 extreme’: for the

transport the voltages applied to all electrodes in the CT and the high voltage electrodes (C18-H8)
are 250V, but since the ST only allows voltages up to £30V, the procedure is performed with
this maximum voltage for the electrodes T7-S2.
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field in the creation trap, the three different ion motions are coupled and this can
be exploited to conduct a first measurement of the modified cyclotron frequency.
Therefore, the ions were cooled and Ar'** was brought into resonance with the ARES
CT. A stepwise swept frequency scan near the expected modified cyclotron frequency
was irradiated for a duration of 100 ms each step and after each step a ‘direct LaABvIEW
fit ramp was recorded. Figure 5.17 shows a typical ramp, the frequency is swept from
lower to higher frequencies, where in the beginning a decrease of the axial signal
occurs due to cooling the axial motion. After some frequency steps, at x-position 0
the ions’ modified cyclotron frequency w_ gets excited and once some thermalization
time has passed (which in [101] is estimated to be under 10 ms), a part of the energy
is also transferred into the axial motion and therefore, the signal rises. With rising
axial amplitude, the magnetic field the ions are exposed to, changes due to the high
magnetic field gradient at the position of C14. Therefore, the distribution of the
modified cyclotron frequency of the ions gets broader and the acceptance of the RF-
signal gets wider, until, after roughly 2 tx1.5 kilohertz, they are not in resonance
anymore and cooling takes place again.
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Figure 5.17: Typical data for the measurement of the modified cyclotron frequency w.,
with the excitation method. A swept RF-signal is irradiated and the axial ion signal is
detected. When the excitation frequency comes in resonance with the ions modified
cyclotron motion some energy is transferred to the axial motion and can therefore be
detected. The two red lines show two fitted linear functions and their intersection is
considered the most likely value for w, .

Around 20 of these ramps were taken and evaluated, with various excitation volt-
ages between 0.06 and 0.1V,,, various frequency windows and various frequency
step sizes. For evaluation, two linear functions are fitted and the intersection is taken
as the most probable value for w, and plotted in figure 5.18(a), where the error
bars result from the error of the line of best fit. From figure 5.18(a) the modified
cyclotron frequency is determined to w, =271x34.94106(24),(11),,, MHz, with
the first value for the error from the statistical distribution and the second error from
the combined error in determining a single measurement. With the Brown-Gabrielse
invariance theorem and the values w, =2t x729.2kHz (the axial frequency corre-
sponding to the potential that was applied to the trap), and w_ =2 ntx7.6 kHz, the

98 5 Preparation of an lon Cloud and Measurements



accordingly calculated magnetron frequency, this results in a cyclotron frequency
w. = 34.94866(24 ), (11), MHz and thus in a magnetic field strength of

B = 7.000 60(4)s5:(2)s T, (5.8)

which is plotted in figure 5.18(b) with the distance of electrode C14 from the
trap center being 11 cm. Due to uncertainties in alignment and thermal contraction,
for example temperature gradients in components connecting the 300 kelvin warm
parts with the parts at a temperature of 4 kelvin, an additional horizontal error in the
position of the ion cloud of £3 mm is assumed. Figure 5.18(b) shows the estimated
value together with the theoretical and measured magnetic field data from Varian,
the company that set up the magnet (Sec. 4.3) and although it looks like the value
with its small error bars might suffer from a systematic effect that has not been taken
into account, it should be stated that the magnetic field homogeneity in the region of
the spectroscopy trap comes at the price of various shim-coils that are set around the
field center and therefore, one cannot simply interpolate the measured field points
by a straight line.
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Figure 5.18: (a) Values for the modified cyclotron frequency for various data sets where
the error bars account for the systematic uncertainty. From this figure the value for the
cyclotron frequency was evaluated to be w, =271 x34.94106 MHz. (b) The determined
value for the magnetic field strength at the position of the C14 electrode, B =7.0006T,
is plotted together with the theoretical and measured data from the company that set
up the magnet. However, the vertical error bar is too small to be shown, whereas the
horizontal error bar is due to uncertainties in alignment and thermal contraction and is
in the order of £3 mm.

5.8 SWIFT

With selective excitation of different charge states it is possible to remove unwanted
ion species from the trap via the so-called ‘SWIFT” method. SWIFT stands for Stored
Waveform Inverse Fourier Transform and is widely used in the community to ‘clean’
traps. The technique uses a fast Fourier transform to transfer a signal in the time
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domain into the frequency domain. With the theory given in [102], this was im-
plemented by M. Kiffer [101] into the LaBviEw program of ArTemis such that in the
program various parameters can be set, for example the specific ion species or a
frequency band and the program solves the integral relating the time domain with
the frequency domain numerically and generates sample points of the correspond-
ing signal. These points are then forwarded to the arbitrary waveform generator
KeysiGHT 33611A that can irradiate this signal into the trap. An example of such a
signal, in this case a broadband excitation in the modified cyclotron domain, is given
in figure 5.19.
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Figure 5.19: Broadband excitation signal, produced by the arbitrary waveform genera-
tor, which is irradiated into the trap via the electrode C15. In order to prevent strong
overshooting, the so-called Gibbs-oscillations, the edges are rounded; also note that the
flat top is intended and not an artifact such as, for example, saturation.

Two electrodes can be chosen for irradiating an excitation signal into the CT, the
split electrode C15 for quadrupole (radial) excitation or the ring electrode C16 for
dipole (axial) excitation.Since C15 is closer to the position of the ions which are in
the trap C14, better results can be achieved by choosing one half of the split electrode
C15 for axial excitation as well. To selectively remove ions, the desired ion species
is excited, either radially or axially, and due to the coupling of the motions, parts of
the energy is transferred into the axial motion. By lowering the potential to a value
where the excited ions can overcome the potential walls, while the other ions are still
confined, only the hot ions will be removed.

Due to Coulomb collisions, ion-ion interaction takes place and therefore energy is
also transferred to the non-selected ions. This process is called thermalization and
occurs with a time constant 7, a complex relation of many parameters which, for a
single ion species, can be calculated with the Spitzer self-collision formula:

5 3vM (kg T)*?
S
4/mnQ*InA

Tr~(4meg) , (5.9

where €, is the vacuum permittivity, M the mass of the ion, Q its charge, T the ions’
temperature, n the ion number density and A is the Coulomb logarithm, a quantity
from plasma physics representing the ratio between the maximum and minimum of
all collision parameters possible [98].
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An estimation for the lower limit of this thermalization time is carried out in [101]
and yields 7 = 6.7 ms. Since the filterboards have a time constant of 1 millisecond,
it takes approximately 4 milliseconds to switch from trapping potential to the desired
potential. Since this switching time is in the same order of magnitude as 7 and
thus, the not excited ions might escape too, a fast switch is deployed that switches
the voltage of electrode C14 from —250V to +250V which gives a much steeper
rise in potential (Fig. 5.20(a)). Additionally, in order not to lose all ions due to a too
shallow trap, once the desired trap depth is reached, the potential on C14 is switched
back. Figure 5.20(a) shows a schematic of the SWIFT procedure with fast switching:
the SWIFT signal is irradiated for a time tgq,, and afterwards the applied voltage at
C14 is switched to +250V until the time t,;., has passed, then the applied voltage
is switched back to —250V. Figure 5.20(b) shows the corresponding potential wells;
the voltages of the neighboring electrodes C13 and C15 are set to a voltage of +10V
such that the removed ions, which overcome this barrier, will not be halted by stray
potentials but either fly into the grounded ITO-coated window or are lost at the lower
end of the trap chamber. During irradiation, the trap voltage is always set to —250V
at C14 and +10V at C13 and C15. The other electrodes in the creation trap are set
to the corresponding alternating voltages to create a harmonic trap in C14 with a
trapping voltage of Uy = 260V,
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Figure 5.20: (a) Schematic of the SWIFT procedure with fast switching in order to bypass
the 1 ms filterboard time constant. After irradiating the excitation signal, the potential
applied to the ring electrode is switched to +250V, resulting in a faster rise in the trap
voltage (blue) than it would be the case by usual switching (gray). (b) The corresponding
potential wells are shown, where after the time t,;:, a shallow trap is formed where
the previously excited ions can escape before thermalizing with the other ions.

To find the optimal switching time tg,;.,, @ measurement was conducted where
an ion cloud was stored in the trap C14 and the potential well was switched to
+250V with switching times that gradually became longer and after each step a
spectrum was recorded. Figure 5.21 shows the total axial signal versus the different
switching times tg;.,- In the beginning, for short switching times where the trap is
still sufficiently deep, no ions can escape, the ion cloud is solely heated up, until the
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potential well gets shallow enough so parts of the cloud escape. This measurement
was carried out for differently cooled ion clouds. An optimum switching time of
tswiteh = 600 ps was found.
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Figure 5.21: Measurement to get the best value for t,,- By increasing the switching
time from 0 to 800 ps consecutively, the switching time is found where the potential well
gets too shallow and all ions can escape. This is performed with different ion clouds with
a different amount n of cooling cycles beforehand.

According to [101] the excitation voltages should be in the order of 100 V,,,. How-
ever, the voltage limit of the filterboards limits the signal strength to 10V, and
therefore, for each measurement, a large number of cycles of signal irradiation and
fast potential change have to be repeated. Thus, a set of good parameters for remov-
ing ions in an ion cloud by axial excitation in ArTEmIS was found to be 1000 bursts
of 1 ms excitation time with an excitation voltage of 8 V,, and 600 s switching time.

Although the SWIFT technique is perfectly suited to address ion species directly by
tailored signals, in the case of ArTEMIS it is utilized to create signals for a broadband
excitation with sharp edges, since selective excitation works better with smaller or
sufficiently cooled ion clouds where the axial frequency is better defined.

Nevertheless, it is beneficial to perform magnetron centering occasionally, since it
makes the ion signals narrower and therefore reduces the risk of false ion excitation.
Additionally, removing all unwanted ion species to obtain a pure Ar'** ion cloud
can be achieved for an ion cloud created by the ‘hot’ creation; with long breeding
times, high FEP currents and sufficient cooling afterwards which can take up to one
day. This method has the advantage that Ar'3>* will be the most abundant species
and therefore, the overall number of Ar'®" ions is the highest. Alternatively, by
producing ions via the ‘cold’ ion creation, an ion cloud is created that is fast to cool,
thus, after a few cooling cycles, the first excitation can take place. This turned out
to be more time efficient and since the different ion species are additionally more
distinguishable, easier selection of the target charge states, that should be removed,
is possible.

Figure 5.22 shows a typical procedure where an ion cloud was produced by the
‘cold’ ion creation and all ion species except of Ar'3" are successively removed.
Please note that in this figure the red squares depict the voltage window to be se-
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lected after the respective ramp for the spectrum which was then translated into
the corresponding excitation frequency for the ions being stored at a trap voltage of
Ur = 260V. Additionally, between the different spectra, before the spectrum ramp

was

Axial Signal [dB]

Axial Signal [dB]

recorded, several cooling ramps took place.
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Figure 5.22: Typical sequence of the SWIFT cleaning technique to get a pure Ar'** ion
cloud, where the red squares depict the chosen voltage window which was translated
into the corresponding excitation frequency for the SWIFT broadband excitation. The
excitation took place after the respective spectrum was recorded. More information is
given in the text. The lines in the figures give the theoretical positions of a single argon
ion with the corresponding charge state.

(@

(b)

Figure 5.22(a) shows the initial ion cloud after previous cooling, where the
ions are still shifted with respect to the theoretical values and therefore a first
broadband excitation far off of the Ar'3* frequency ions was irradiated with
a frequency span from 2t x487kHz to 2 tx377 kHz which corresponds to a
window in the voltage picture from 60 to 100V,

Figure 5.22(b) shows that ions with lower charge states, Ar®*, Ar®", Ar!°* and
already plenty of Ar''*, were removed from the trap, however, Ar'?* remained:
during excitation, when the ion cloud got hotter, the axial oscillation frequen-
cies of all ions increased, which, in the voltage picture, led to a shift to lower
voltages, and therefore the Ar'?* ions were not excited by the previously cho-
sen frequency window. Additionally, after the ions were removed, the positions
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of the remaining ions shifted more to their theoretical values and therefore
another broadband signal from 2t x499kHz to 2 tx377kHz was irradiated,
corresponding to a window from 57 to 100V in the voltage picture, which due
to the narrower, easier to distinguish peaks could be much closer to the right
slope of the Ar'3* peak.

In figure 5.22(c) it is shown that all charge states lower than Ar'®* were re-

moved, nevertheless, exciting the higher charge states is more complicated due
to the aforementioned frequency shift, since there is a chance of exciting the
wrong ion species when choosing an excitation frequency too close to Ar'3*,
Therefore a frequency window from 2 mx687 kHz to 2 mx538 kHz, that trans-
lates in the voltage picture to 30 to 49V, is irradiated which, although it does
not cover the Ar'** peak in the figure, is able to excite and remove the Ar!**
ions.

The last figure, Fig. 5.22(d), shows the end result of the SWIFT technique with

fast potential switching: almost all higher- and lower-charged ions were re-

moved from the trap, and although some Ar'3* jons were lost compared to the

signal in figure 5.22(a), a cold, pure Ar*>" ion cloud was created.
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6 Summary, Improvements and
Outlook

During this work, the ArRTEMIS apparatus was assembled and preliminary studies for
the later g-factor measurements were conducted, which led to the preparation of a
cold, pure Ar'3* ion cloud (Sec. 5.8). Together with the demonstrated successful
transport to the spectroscopy trap (Sec. 5.5), the foundations were laid in order to
perform the double-resonance spectroscopy. Two measurement times were carried
out: the first one, in 2015, is reported in [18], whereas the second one, in 2016,
is reported in this thesis. Between the two measurement times, the apparatus was
disassembled and improvements were implemented as summarized in the beginning
of chapter 5.

For the laser excitation, several improvements were made, improving the fluores-
cence light efficiency. Together with A. Martin, the optics holder was redesigned and
with the new bare-fiber holder, less fluorescence light gets blocked ([50], Sec. 4.3.3).
Another major change was the replacement of the mesh of the S1 endcap electrode
by the ITO-coated window, which led to an improvement in transmissibility of at
least 17% (Sec. 4.5.1). Additionally, the ITO-coated window will also decrease the
anharmonicities due to its more planar structure. It represents a novel concept for
Penning traps and gives the possibility of providing closed endcaps with high opti-
cal transmission. Therefore, a ring electrode consisting of ITO-coated glass could
also be envisaged, for example for radial detection of fluorescence light as in the
SpecTrRAP-experiment [103].

Since the laser system built by A. Martin was already operational [50], prelimi-
nary measurements were conducted in order to detect fluorescence light, but without
showing a significant signal. Nevertheless, these measurements were performed on a
not yet sufficiently prepared ion cloud and therefore, for the next measurement time,
the premises should be according to the following list:

 With the SWIFT-technique the ion cloud should be purified, such that Ar'3* is
by far the most abundant charge state and a large amount of them should be
compiled in the ST by repeated ‘stacking’!.

Stacking describes the technique, where an ion cloud, that is produced in the CT, is transported
into the ST and then another ion cloud is produced, transported and combined with the first cloud.
This was already performed by the author in the 2015 measurement time with O>" and O%" with
up to 8 ‘stacks’, which means this technique was repeated until 8 ion clouds were combined [18].
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* The ion cloud needs to be sufficiently cooled in the ST and the correction elec-
trodes need to be tuned, such that the shape of the ion signal gets symmetric
(C4=0, Sec. 3.2.1) and therefore the ST is harmonic.

* By applying the technique of rotating wall, the density of the ion cloud can be
maximized, thus, increasing the amount of ions that are excited.

Unfortunately, since the ARES ST broke shortly after a few successful transports
into the ST were reported, it was not possible to accomplish these requirements in
the 2016 measurement time. After the failure of the ARES ST, in order to optimize
the transport, several attempts were made to transport the ions into the ST and back
— since there was no direct detection of the ions in the ST. However, this was not pos-
sible since no ion signal could be detected after the transport back to trap centered at
the electrode C14. Therefore, the transport from the C14 trap in the next trap at C12
(Sec. 5.5) was investigated which ruled out the widening of the magnetron motion
as the cause of the malfunctioning transport. One cause of the failing transport might
be the electrodes H8/9 which have a smaller diameter than the rest of the trap. Ta-
pering their edges or widening their diameter might yield a solution. Nevertheless,
the transport into the ST works and the cause of the malfunctioning back-transport
can be investigated more analytically with a detector in the ST.

Once the laser spectroscopy has been carried out successfully, in order to perform
the double-resonance spectroscopy, a tunable microwave field at the position of the
ions is needed. Therefore, a microwave system for microwaves with a frequency of
around 65 gigahertz was built and tested, resulting in a power of the microwaves of
at least 50 microwatt (Sec. 4.4). Nevertheless, for the complete measurement of the
higher-order Zeeman effect, also a system that provides microwaves with a frequency
of 130 gigahertz is needed. Due to the usage of the cryogenic coaxial cable in the
microwave design at 65 gigahertz, it was possible to connect the room-temperature
warm environment with the cryogenic temperatures cold detection housing without
creating too much heat load (Sec. 4.4.4). However, since coaxial cables are not
available for the high frequencies of 130 gigahertz, a waveguide needs to be deployed
that combines low thermal conductivity with high electrical conductivity, such as
silver coated stainless steel. Nevertheless, due to the difficult geometry on the top
of the magnet, the waveguide has to be bend multiple times and then threaded into
this geometry. However, another approach might be to double the microwaves in
the cryogenic environment, for example, by developing a frequency-doubling stage
on the basis of local heated semi-conductors as it is deployed in the varactor-diode
board by StaHL ELECTRONICS.

In the measurement time of 2015 a vacuum of 4 x 10~® mbar was estimated from
the lifetime of the Ar'®* charge state. This value was improved to 9 x 107*® mbar
(Sec. 5.4.1) by decreasing the leak rate of the gas inlet system. Therefore, much
longer storage times of HCIs are reached and this sufficiently proves the validity
of the concept of the cryovalve ([51], Sec. 4.5.2), where a quasi-open connection
between two vacua can separate them by cooling the open connection to cryogenic
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temperatures. Thus, this gives impetus to the idea of replacing the fast opening valve
(FOV) by a design with a cryogenically cooled cylinder that is filled with several
plates, parallel to the endcaps and with a hole in their middle, thus shaping a baffled
structure with a tube-like hole for a direct path for the ion beam. According to
the simulations performed in [54], a cryogenic tube is already sufficient to separate
two vacua by at least 5 orders of magnitude. The baffled structure and a piezo-
driven shutter should increase this by far, thus, representing an alternative to the FOV.
However, the FOV was assembled and tested (Sec. 4.6) and in room-temperature its
functionality was proven. Nevertheless, improvements, such as stronger magnets,
have to be implemented since reliability was not given all the time. Additionally, a
cryogenic test would be needed in order to test the general mechanical functionality
as well as the performance in separating the two vacua at low temperatures.

Since the eigenfrequency of the CRES was at a too high value in the 2015 mea-
surement time, an additional board was implemented in this work with a varactor
diode with which, at room-temperature, it was possible to shift the frequency over
a range of a few megahertz and therefore also shifting it to the desired frequency
of 35 megahertz. Nevertheless, after cooling the board down to cryogenic tempera-
tures, the shifting-range decreased severely. Additional test experiments in the HILITE
experiment showed that the combination of temperatures under 10 kelvin and high
magnetic fields of a few tesla causes a problem in the varactor diodes (Sec. 4.3.2).
Both influences had been tested separately beforehand, but the effect on the varactor
diode with a strong magnetic field and cryogenic temperatures combined was ob-
served for the first time. Therefore, for the upcoming measurement time, a varactor-
diode board from StanL ELEcTRONICS was installed and thus, the varactor diode can
be heated locally over the critical temperature without heating all other cryogenic
parts. Thus, a direct measurement of the modified cyclotron frequency in the ST
should be possible.

Since measuring the modified cyclotron frequency directly in the ST with the CRES
was not possible, another method was deployed with which this frequency, w,, was
measured indirectly in the creation trap (Sec. 5.7). The irradiated modified cyclotron
frequency was swept and, since some of the energy absorbed by the ion was also
transferred into the axial motion, measuring the axial frequency yielded a value
for w,. Therefore, a magnetic field in the CT at the position of electrode C14 of
B = 7.000 60(4)ga:(2)sm T was estimated. Although this method represents a more
imprecise alternative to the measurement with the cyclotron resonator, it is also used
in other experiments for determining the strength of the magnetic field gradient [47].

Most mechanical parts of ArTEMis were designed in the course of this work and
the complete setup was drawn in a CAD program. The cryogenic concept from the
author’s diploma thesis [52] with the vibration isolation due to the stranded copper
wires was implemented (Sec. 4.2) and preliminary tests of the complete cryogenic
setup were carried out. The apparatus was completely assembled and in the mea-
surement time of 2015 first ions were created [18]. In the beginning of the 2016
measurement time a systematic analysis of the creation parameters was conducted,

107



yielding two sets of parameters for the production of an applicable argon ion cloud
(Sec. 5.2). Additionally, measurements were recorded to investigate the ion cooling
which yielded an exponential decay with a cooling time constant of several tens of
seconds, which was found to be too high and thus, more detailed investigation has to
be carried out. The shifting of the axial frequencies was also studied and a non-linear
behavior was found after some time, when an ion cloud was cooled (Sec. 5.3).

Since it was shown that the FEP current is not only dependent on the accelerator

voltage, but also changes over time, the FEP current should be the dominant para-
meter with the accelerator voltage depending on it. As an improvement, to make the
ion production more reproducible, the HV-FEP should be modified according to this
by the company.
The next steps for the ArRTEMIS project should include the repeating of the prepara-
tion of a cooled, pure Ar'** cloud and its transport into the ST in order to perform
the laser-spectroscopic measurement of the finestructure transition. Afterwards, the
double-resonance spectroscopy should be carried out and with the CRES a precise
measurement of the magnetic field in the ST should be executed. The setup should
then be improved and the microwave system for the 130 gigahertz implemented.
With this system the g-factor as well as the higher-order Zeeman shifts of boron-like
argon can be measured.

Meanwhile the connection to the Hitrap beamline will be finished and therefore,
either the FOV or a cryogenic alternative should be tested and deployed. Concur-
rently, the UMF and the trap chamber should be redesigned. With the EBIT on the
Hitrap platform preliminary tests for the beamline, the injection into the trap, and the
valve separating the trap vacuum from the beam vacuum can be performed. Finally,
the GSI accelerator facility will deliver hydrogen-like heavy ions, such as 2°°Bi%?*,
Their electron and nuclear magnetic moment can be measured and hereby, more
stringent tests of the bound-state QED in extreme fields will be accessible.
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A Appendix

A.1 Damping of Cryocooler Vibrations

If it turns out that measurements suffer from too strong vibrations, maybe some addi-
tional improvement in the current vibration isolation system has to be implemented.
The isolation is currently performed at three points. The first point is the connection
of the cryogenic parts via the stranded copper wires described in 4.2. These stranded
wires need to be long and loose enough to provide a decent vibration isolation, which
should be the case. The other two points might be more severe: the rubber granulate
mat and the edge welded bellows. During a research stay at Harvard University in
the group of Gerald Gabrielse some thoughts about the vibration isolation with edge
welded bellows were conceived. These thoughts were about the reliquifier at the g-2
measurement, which consists of a cryocooler that, by a special design, receives the
boiled off helium of the experiment and liquifies it again in order to reinsert it into
the dewar. The cryocooler for that experiment suffers from the same vibrations with
a frequency of 1.4 Hz as the cryocooler of ArTEmMIs does. These very low frequency
vibrations are hard to decouple. The transmissibility T gives the percentage (ampli-
tude ratio) of the transmitted vibrations between an object that is vibrating with a
driving frequency f,;, through a connection with damping d and natural frequency f,:

- 1+(2d’}—i)2 e

(1-()) +(ag)”

In figure A.1(a) this is shown for different damping constants. It can be seen that
the natural frequency needs to be lower than the driving frequency.
The natural frequency of an object with mass m is directly related to the spring

constant that connects the object with the source of vibration 27 x f, = \/% . So
either smaller spring constants or larger masses help to minimize the transmissibility.
For example, for edge welded bellows the spring constant decreases with increasing
number of bellows (see formula for adding springs in series) and therefore, the trans-
missibility decreases. This can be seen in A.1(b) with a spring constant of one edge
welded bellows of 40 N/mm and a typical damping constant of 0.1.
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Figure A.1: (a) Transmissibility plotted against the natural frequency of an object. The
drive frequency is 1.4 Hz, which is the most prominent value for a typical cryocooler. (b)
The transmissibility for edge welded bellows connecting the drive frequency to the object
with mass m. The value of 40 N/mm is taken from the ComvaT website.

A.2 ArTemis Wiring

(@)

(b)

Figure A.2: (a) Photograph of the opened housing of the room-temperature filterboards
that are directly connected to the D-Sub feedthroughs flange. (b) Photograph with la-
beling of the HV feedthrough flange.
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Figure A.3: Updated trap wiring with cryogenic filterboards and UMF wiring.

A.2 ArTEMmIS Wiring m



Magnet

1st stage 2nd stage Experimental
vacuum of cooling of cooling core
chamber 0K ~4K electronics
PCI-D0.3
-
°
g ]
38
$s
58
g (tip) £=
HV FEP
= (acc)
3x SHV + or -2 kV F: 500ppm
19
! 1y k107
- DC-E1L
DC-E13
-E12
2 2 DC-E10
™ Ed e IF)
PCI-Do.1 ‘; Feed- D o—oo_o
- Select through A \X 6
HV 250-8 1 Flange 1 N
8xSHV +-250V F:5ppm 7 DC-E16
PCI-Ao.1 8 DC-E18
- Reference 6 DC-E15
5 DC-E14
B B o—o
6
Delay Gen.
TSLC
Axial STTest £ £
HV 500-8 Setaion £ 5 o .
8X BNC +/+500V F: 5 ppm 1 w N . 3
@l 8
sma1 HE2 S0 '© Magn 2
GND NN 1. K106 H
o q 2 DC-E2 5
= ECES
ol DC-E4
0 I DC-E6
I DC-E7
Sense GND
1 6
2 ) &
3 i e = Faraday-E1
PCI-A0.2 HV 200-8 4 Rl g d “o Current
-Reference 8xBNC +/-200V F:5ppm MagnS 5° /0 CT-EXCAX.
EorSMA 4 g o0’ ‘o
7 SMA 6 AC-DCES
ofiset
HP6632B Rotating o
el WallDinve 4
power supply
Cyclotron
Excitation SMA 14,
PCI-D0.2- SMA 15,
SMA 18
VAR BIAS
Transco CRES OUT
HF Relay
KEYSIGHT 2y
3
spectrum analyzer CRES/ARES (25
Signal oa o
“© ARES ST OUT
PCI-D0.4/5 0° o
- ‘9 ARES CT OUT
8 ©30 09 ° 4
3 0 . So———— 3 g,
9 9 . 1o k101 k2.01 5§38
Cryo-Amp Supplies o Gl g8
BS 1-10 cryo g. %o c2 g3
8XSHV +-250V Fizppm g 3 SFG 2
o 0° .= SFD 22
0 DR 32
o 0 AMP GND
& e e SR 6
g3
1o k102 k2,02 s
CRES -3V
CRES Bias
ARES +3V
Legend ARES - 3V
- ARES Bias
0.13 mm thick wire, Tefl lated (4.4Q/m)
0.38 mm thick wire, Tefl lated (370/m)
———————————9 stranded copper wire, Teflon-insulated RF strand,
= 0,81 mm thick copper wire, Teflon+shrink-insulated toall DC
2 Cryo-Coax cable Supplies .
—— 6 SHVCable 0—KkLO3 o 0K203 o
o—=o o—=o
M wisted quas
SN Y o twisted pair P
Sc
22
82
Cerberus 8 5 hHe1 22
(Watchdog) 0® o &3
o0 :
GeneSYS . H2 Cable
power supply € .
9% o
9 .
Temperature-Sensors Reack 9c g HL Res
remperature-Sensors Readouts :
Keithley 2700 9 o |
3 =
multimeter & E I | 1
o . T T
S
I - B 1
e ——
(tosa]
1st Stage
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112 A Appendix



A.2 ArTEMIS Wiring 113



A.3 Timeline of ARTEMIS

2 Stahl Varactor Diode Board Installed
1 2017
ii End of 2016 Measurement Time (20.10.2016)
10 SWIFT & Fast Switch Implemented (26.07.2016)
9
8 Keysight SA Implemented (17.06.2016)
7 Short-Circuit between C11 and C13 Removed (25.04.2016)
6
5 ARES ST Broken (01.04.2016)
4 Start of 2016 Measurement Time (29.03.2016)
3
> 2 Microwave CryoCoax Broken (January 2016)
2
wa (‘& ]r“m)rto\éj@g:r o . § 1 2016
- implemente 2 GHzZ microwave system
- ?mproved opti;a‘l dc‘tcctlon system 2 12 znd FU” Assembly (December 2015)
- improved gas injection (better vacuum) - 11
- introduced varactor diode E 10
- changed mesh to ITO endcap
2 9 Tabletop Experiment Mircowave System (December 2015)
N
8
Achieved 7 End of 2015 Measurement Time (29.08.2015)
ﬁrstriorm creation Q 6
- first ion cooling § 5
- first ty’ansp{or*‘t R . » 4 Bypass CT/ST Exc. Line Implemented (12.03.2015)
éx{)éumém;ﬂ studwe”g of ion cob]mq g’ 3
Resonators g 2 Successful Cooling of lons (February 2015)
- ARES ST: coil Shaaban (helical, small) a
amp Shaaban bias, Hlllen-design
- ARES CT: cm\puq\mcr (ho\(\za\)) : desiom é 112 2015
amp Ulmer (5 bias, Ulmer-design)
-CRES: coil Hiillen (toroidal) Y911 First Clear lon Signals (November 2014)
amp Hdullen (3 bias, Hlllen-design) r<)
N 10
9
8 FOV Cryogenic Tests (October 2014)
7
6
5 Start of 2015 Measurement Time (24.09.2014)
a4
3
2 1st Full Assembly (April 2014)
1 2014
12
11 Optics Tests (August 2013)
10
9 FEP Test (July 2013)
8
7 Resonator Tests (May 2013)
g Cryo Test with Full Cabeling (April 2013)

Complete Wiring of Trap Chamber (April 2013)

114 Figure A.5: ArRTEMIS timeline of the last four years. A Appendix



B List of Abbreviations

a.u.

AOM

AR

ARES
ARES CT
ARES ST
ARTEMIS

BS-QED
CAD
CF
CPM
CRES
CT
D-Sub
EBIS
EBIT
FEP
FFT
FM
FOV
FS
GND
GSI

arbitrary units

acousto-optical modulator

anti reflection (coating)

axial resonator

axial resonator in the creation trap

axial resonator in the spectroscopy trap

asymmetric trap for the measurement of electron magnetic moments in

ions

bound-state quantum electrodynamics
computer-aided design
conflat (flange standard)
channeltron photo-multiplier
cyclotron resonator

creation trap

D-subminiature (connector)
electron beam ion source
electron beam ion trap
field-emission point

fast Fourier transform
frequency modulation
fast-opening valve

fine structure

ground

Gesellschaft fiir Schwerionenforschung
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HCI
HE

HFS
HILITE
HITRAP
HV

ITO
LNA

LV
MMIC
OFHC
PA
PEEK
PTFE
ppb

ppm
QED

SA

SHV
SIS18
SMA

ST
SWIFT
UNILAC
UMF
VSWR
YIG

highly charged ions

Huteinheit = hat unit

hyperfine structure

high intensity laser ion trap experiment
heavy highly charged ion trap

high voltage

indium tin oxide

low-noise amplifier

low voltage

monolithic microwave integrated circuit
oxygen-free high thermal conductivity
power amplifier

polyether ether ketone
polytetrafluoroethylene (‘Teflon’)

parts per billion (107)

parts per million (107%)

quantum electrodynamics

radio frequency

spectrum analyzer

safe high voltage (connector)
Schwerionensynchrotron = heavy ion synchrotron
subminiature version A (connector)
spectroscopy trap

stored waveform inverse Fourier transform
universal linear accelerator

Unterer Montageflansch

voltage standing wave ratio

yttrium iron garnet
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