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Chapter 1

Introduction

... Daf} ich erkenne, was die Welt
im Innersten zusammenhalt.

Goethe, Faust. Der Tragodie erster Teil, 1808.
Szene: Nacht, Faust allein in seinem gotischen Zimmer

The overall goal of the experiment currently set up at LKB is to test
the theory of quantum electrodynamics and to yield a direct measure-
ment of the fundamental constant ji,., the proton to electron mass
ratio.

This introduction is intended to deliver first answers to the three im-
portant questions of what, why, and how.

e what: The experimental setup developed during this PhD project
provides important parts to measure the ro-vibrational Doppler-
free two photon transition v = 0, L =2 — v = 1, L = 2 of the
electronic ground state in the molecular hydrogen ion Hj .

e why: As further explained in section 1.1, the precise measure-
ment of this transition frequency will allow for testing the va-
lidity of quantum electrodynamics and provides an alternative
method for the determination of fundamental constants.

e how: Usage of laser-cooled Be™ ions for sympathetic cooling
of the Hy ions will allow to strongly reduce the second-order
Doppler effect, which is necessary to obtain precise measure-
ments. Cold Be™ Coulomb crystals are a tool which will also
be used for the sympathetic cooling of antimatter ions, an im-
portant step towards the measurement of g, the earth gravity
acceleration on antimatter.
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1.1 What and Why - Spectroscopy of Hy

The histories of spectroscopy, atomic and molecular physics, and quan-
tum mechanics are deeply connected with one other, and are the foun-
dation of our current understanding of nature. To understand the role
of spectroscopy of molecular hydrogen ions it is helpful to review the
beginnings.

1.1.1 The Hydrogen Atom

Using the dispersion of light, Angstrom could observe different lines
in the spectrum of atomic hydrogen in 1853 [1], and in 1862 cor-
rectly identified hydrogen as the most abundant part of the Sun [2].
Meanwhile, Maxwell provided a theoretical basis for the description
of electromagnetic waves in 1873, and assigned visible light as part of
the electromagnetic spectrum. In 1885, Balmer set up an empirical
equation, reproducing the pattern in which the hydrogen lines occur,
and predicting additional lines [3]. In 1900, Planck could explain the
spectral density of the electromagnetic radiation emitted by a black
body by introducing the constant h, which connects the energy E in
the atomic vibrations with the frequency of the radiated electromag-
netic wave via £ = nhv [4]. This energy was interpreted by Einstein
in 1905 as a quantum of the electromagnetic wave (a photon). At this
point it was already known that electrons are a part of the atom, and
the plum pudding model of the atomic structure had been proposed
by Thomson. In 1909, Rutherford et al. performed scattering of alpha
particles at a thin gold foil, with the conclusion that atoms are made
up of a nucleus and surrounding electrons [5]. Based on the discoveries
mentioned above, Bohr postulated the famous Bohr model in 1913 [6],
by introducing an ad hoc quantization rule of the atomic energy levels.
In order to explain the observed fine structure in the hydrogen spec-
trum, Sommerfeld introduced a second quantum number (and also the
fine structure constant) in 1916, which partially could explain the ob-
servations. To explain the doublet splitting Goudsmit and Uhlenbeck
proposed the existence of an intrinsic spin of the electron in 1925.
One year later Schrodinger came up with the equation named after
him [7]. Applied to the hydrogen atom, the equation cannot only re-
produce the energy levels, but for example provide information about
the geometric shape of the atomic orbitals. In 1928 the theory was
further improved by Dirac [8]. His equation of motion describes the
relativistic motion of the electron and the spin of the electron. One of
the stunning results of this equation was the prediction of antimatter.
While in the Dirac equation some energy levels are degenerate, in 1947
a splitting of the 251, - 2P/, levels in hydrogen was observed by Lamb
and Retherford [9]. This marks the starting point of quantum elec-
trodynamics (QED) [10]. It allowed to interprete the shift of atomic
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energy levels from Dirac’s equation due to the interaction of the atom
with vacuum fluctuations of the electromagnetic field. The final effect
which has to be taken into account for a full explanation of the hy-
drogen spectrum is the hyperfine splitting, which is due to the nuclear
magnetic moment, but will not be discussed further here.

The theory of QED depends on fundamental constants. Discrepancies
between theory and experimental results question the theory of QED,
so that it is crucial to know the fundamental constants with high accu-
racy. The Committee on Data for Science and Technology (CODATA)
publishes every four years recommended values and uncertainties for
the fundamental constants. In the beginning of 2018 the most recent
data is from 2014, giving, for example, accuracies of 5.9 - 1072 for the
Rydberg constant and 7 - 1073 for the proton charge radius [11].

The determination of these two constants is mainly based on precision
spectroscopy of the hydrogen atom, namely the ultra-narrow 1.5 — 2.5
transition and 25 — n/DP transitions. While the 1.5 — 25 transition
is known with an accuracy of 4.2 - 107 [12], the 25 — 4P transition
was measured with an accuracy of 3.7-107? [13], and a recent investi-
gation of the 15 — 35 transition yielded an accuracy of 91073 [14].
These precision measurements feed the CODATA values, which in
turn are needed for accurate theoretical predictions. One can write
the following simplified formula for the energy levels of the hydrogen
atom:

1 4 2
E,.; = hcRy —n—+A(n,l,j)+— (%) do+...|, (L1
0

2 3n3

where R, is the Rydberg constant and r, the proton charge radius,
and ag = ﬁ the Bohr radius with the fine structure constant «.
The first term is the nonrelativistic Schrodinger energy, the second
term takes relativistic and QED corrections into account, and the last
term is the leading order nuclear size correction. The dependency of
the energy levels in equation (1.1) on R., and r, illustrates the need
for two narrow linewidth transitions. However, the hydrogen atom has
only one transition with an ultra-narrow linewidth in the UV regime,
the transition between the ground state 15 and the metastable state
2S. Measuring this transition with high accuracy allows to determine
one of the two constants R, or 7,, while the other one must be known

from other measurements.

In 2010 spectroscopy of muonic hydrogen delivered a value for the
proton radius which deviates from the CODATA value by 5 standard
deviations [15]. While the aforementioned precision measurement of
the 25 — 4P transition disagrees as well, the 1.5 — 3.5 transition is
again in agreement with other hydrogen measurements. This so called
proton radius puzzle questions either the completeness of QED, or the

fundamental
constants

precision
spec-
troscopy

proton radius
puzzle
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4
1927
1976
2016
recent
measurements

measurements used to obtain the CODATA value. Either way, this
shows the need for further precision measurements which may help
explain the discrepancy.

1.1.2 The Hydrogen Molecular Ion

The hydrogen molecular ion Hy is the simplest molecule, consisting
of two protons and one electron. Only one year after Schrodinger’s
equation was presented, Burrau published a first treatment of the hy-
drogen molecular ion [16], quickly followed by others [17, 18, 19]. It
was one of the early achievements of quantum theory to explain a sta-
ble groundstate, something classical theories could not. The molecular
hydrogen ion played and plays a similiar role in molecular physics as
the hydrogen atom in atomic physics. Taking into account the effects
first discovered in the hydrogen atom, the energy levels for H may
be written for each ro-vibrational level in the form [20]

2
E = hCRoo Em“ (Mpe) + AQED (Oé) + Afs <@> ] ) (12)

Qo

where the first term is the nonrelativistic Schrodinger energy, which
depends on the mass ratio p,e = ™e/m.. The second term takes rela-
tivistic and QED corrections into account. The last term is a correc-
tion due to the finite size of the proton charge radius.

Due to the dependency on fundamental constants, spectroscopy of
hydrogen molecular ions was already proposed in 1976 as a tool to
accurately determine the proton to electron mass ratio p,. [21]. In
2016, Karr et al. presented a selection of different narrow linewidth
transitions in Hj , HD™ and H, in order to determine the constants
ey Rooy Tpy tpa and 74 [20]. In contrast to the hydrogen atom, hydro-
gen molecular ions have multiple narrow linewidth transitions between
long-lived ro-vibrational levels. These considerations make the hydro-
gen molecular ion Hy a benchmark system for testing the validity of
QED, and a promising candidate to obtain improved values for g,
R and the proton charge radius 7.

Recently, a collaboration was able to measure the v = 0 — v =
8 single-photon transition in HD' with partially resolved hyperfine
structure (LaserLab in Amsterdam), and compare the results with
theoretical predictions (LKB) [22, 23]. As a result the proton to elec-
tron mass ratio could be determined. However, the accuracy is about
27 times lower than provided by the CODATA adjustment of 2014.
The main limitation is due to the Doppler effect. A new experiment
to observe a Doppler-free two-photon v =0, L =3 v =4,L =2 —
v =9, L = 3 transition is prepared in Amsterdam.
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Figure 1.1: Left: Electronic states in the Born-Oppenheimer approxi-
mation for Hy and H] and transitions as planned at LKB. The arrows
show the vibrational ground state preparation of Hj using a 3 + 1
REMPI scheme at 303nm, and after that the 2 + 1 REMPD spec-
troscopy. The inset shows the two-photon transition at 9.17 um be-
tween two ro-vibrational levels. Center: The energy structure of the
H atom and the transition currently probed at one of the groups at
LKB. Right: Rydberg state spectroscopy of Hy as performed at the
ETH Ziirich.

The most stringent test of QED in molecular hydrogen is momentanly
performed at the ETH Ziirich by precision spectroscopy of molecular
Rydberg states [24]. The excitation scheme to obtain the dissociation
energy of molecular hydrogen can be seen on the right hand side of
Fig. 1.1. The reported accuracy to the n = 50 Rydberg state is
Avfy, =2.10710,

1.1.3 Hj Spectroscopy at LKB

The experiment which is set up at LKB aims to perform high pre-
cision spectroscopy of the v = 0,L =2 — v = 1, L = 2 two-photon
transition in Hf . On the left hand side of Fig. 1.1 one can see the low-
est electronic energy curves of Hy and Hj in the Born-Oppenheimer
approximation. The overall experimental scheme is as follows: First

experimental
scheme
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the Hy molecules are prepared in the ro-vibrational v = 0,L = 2
state by resonance-enhanced multi-photon ionization (REMPI). We
plan to use a 3 4+ 1-photon transition at 303nm from the electronic
ground state of Hs, indicated by the four arrows in Fig. 1.1. There-
after a resonance-enhanced multi-photon dissociation (REMPD) is
performed. The REMPD consists of the two-photon spectroscopy laser
at 9.17 um (shown in the inset) and, as a final step, the excited Hy
molecules will be dissociated by a 213nm laser. The last step is rel-
evant to detect the success of the ro-vibrational transition, and the
observed signal will be the loss of the Hj ions.
aimed With a narrow linewidth spectroscopy laser in the 100 Hz range at
accuracy 9.17 pm we aim at an accuracy of 1-107!2 or below for the experi-
mental part. The theoretical calculations have reached an accuracy of
7.6 - 1071? [25], and should reach 3.0 - 1072 in the near future [26].
current The CODATA value for the mass ratio ji,. is determined by two sepa-
CODATA rate measurements, for the mass of the proton by mass spectrometry,
standard and for the mass of the electron by g-factor measurements [27]. In
atomic units the relative uncertainties are 9.0 - 107! and 2.9 - 1071,
leading to an accuracy of 9.5 - 107! for the proton to electron mass
ratio. However, there is a recent improvement concerning the accu-
racy of the proton mass in atomic units, leading to an accuracy of
3.2- 107, but that also deviates from the CODATA value by about
3 standard deviations [28]. This shows again the need for additional
measurements.
The high precision measurement of the v =0, L. =2 v =1L =2
transition will provide a direct optical determination of the mass ra-
tio ppe by a different method, and an improvement of the accuracy
by a factor of about 15 compared to the CODATA value of 2014
[11, 20].

1.2 How - Be™ Coulomb Crystals

A limiting factor one encounters while performing precision spectroscopy
is the Doppler effect and the induced broadening of the transition lines.
While the first-order Doppler effect is not present in two-photon tran-
sitions with counter-propagating beams, the second-order Doppler-
effect still remains and is given by

2
av_ v (1.3)

v 2¢2’

where Av is the Doppler shift and v the velocity of the particles.
Trapped particles in an RF trap experience RF heating. This RF
heating depends on the number of trapped particles, the temperature
of the ion cloud, and the amplitude of the applied RF voltage [29].
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Without cooling, thermalization of the trapped ions occurs at ~ 10%
of the trap depth [30], and the trap depth for Hy in an RF trap can
easily be more than 10eV. One electron Volt corresponds to more
than 10000 K, and the maximum of the Maxwell-Boltzmann distribu-
tion for Hj ions at this temperature is &~ 9100™/s. This leads to a
second-order Doppler effect of |%‘2n > 2 10710, limiting the possi-
ble accuracy. In order to achieve the aimed precission of 1-10712 it is
therefore necessary to cool the hydrogen molecular ions.
Unfortunately, molecular ions lack suitable transitions to perform laser
cooling. However, sympathetic cooling by simultaneous trapping of a
second, laser-cooled species allows to overcome this obstacle. Sym-
pathetic cooling works best between particles of close masses, which
is the reason why we chose beryllium as the lightest, alkaline-like ion
with a suitable cooling transition. As we will see in the last chapter,
cooling of trapped ions leads to the formation of so called Coulomb
crystals, which are of interest per se.

Sympathetic cooling relies on the Coulomb interaction and is not re-
stricted to matter-matter ions, but also applies for antimatter ions.
An example is the GBAR (gravitational behaviour of antimatter at
rest) experiment [31]. This experiment aims at the determination of
the effect of Earth’s gravitational field on H antihydrogen atoms. The
overall scheme is simple: prepare H atoms at rest and subsequently
perform a free fall measurement. However, antimatter is produced in
particle accelerators at high energies and needs to undergo multiple
cooling steps in order to cool it down to sufficiently low temperatures
in the pK range. Therefore, first an antimatter ion H* will be formed,
which can be confined in RF traps. Since H* has only one electronic
bound state, it cannot be directly laser cooled. Therefore, sympa-
thetic cooling in mixed HD*/Bet Coulomb crystals will be applied
[32]. Two final cooling steps will be applied, first in a linear Paul trap
using a large ion cloud, and thereafter in a precision trap, where a H*
Be™ ion pair will be cooled to the vibrational quantum ground state.
Finally photodetachment of the excess positron will be performed, and
the free fall of the H will be measured.

One question which arises is how to detect and determine the posi-
tion of the H* ion in the Coulomb crystal of the linear Paul trap.
The last chapter of this PhD project gives a possible answer to that
question.

Another application of Coulomb crystals might be the possibility to
perform quantum simulations. For instance, quantum spin models
are an important part of the description of condensed-matter systems
and may be crucial to explain the physics underlying high-temperature
superconductivity. However, these spin models are difficult to com-
pute due to them being quantum many-body problems. In 1984,
Feynman proposed the simulation of such many-body problems in
well-controlled quantum systems [33]. For example, trapped ions are
a promising candidate to observe and study quantum phase transi-

the GBAR
project

in this
thesis

quantum
simulations
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in this thesis

chapter 2

chapter 3

chapter 4

chapter 5

tions [34]. However, the experiments have been restricted to one-
dimensional ion chains and therefore the quantum simulation of one-
dimensional spin models. In surface traps it has already been shown
that large, purely two-dimensional Coulomb crystals can be realized,
containing up to a few hundred ions [35]. In linear Paul traps, how-
ever, two-dimensional Coulomb crystals of a similar size were not yet
reported (at least to the knowledge of the author).

In the last chapter of the work at hand the observation of large
(the largest, to the knowledge of the author), purely two-dimensional
Coulomb crystals in linear Paul traps is presented, having centered-
square lattice and hexagonal lattice structures over a large region in
the crystal center. Although the inter-ion distance is large as com-
pared to theoretical considerations [36] this observations may help to
design future ion traps capable of preparing large two-dimensional ion
lattices.

1.3 Overview of this Work

Chapter 2 first presents a review of the trapping mechanism for ions in
a linear Paul trap. Based thereon the choice for the trap design is elab-
orated, respecting major constraints of the overall experimental aim.
Furthermore the Be™ source, the vacuum system and the planned Hy
source are presented. Finally the imaging system for the ion detection
and the experimental control software are explained.

Chapter 3 reviews the fundamentals of Doppler cooling and presents
different options to provide laser light at 626 nm. A bow-tie cavity
to perform frequency doubling and create the 313nm light needed
for Doppler cooling of Be™ is also explained. Finally, the other laser
sources needed for the REMPI of Hy and REMPD of Hj are shortly
discussed.

First results are given in chapter 4. Starting with first crystallized
ions, minimizing the micromotion is explained, and a precise evalua-
tion of the magnification of the imaging system is obtained. Thereafter
a large, three-dimensional Coulomb crystal is presented and methods
to analyse the crystal are derived. This methods are modified in the
subsequent section in order to analyse two-dimensional Coulomb crys-
tals, and tested on selected examples. Additionally the highly ordered
structure of the two dimensional crystals is investigated, and two dif-
ferent lattice structures can be identified. The last part of this chapter
shows sympathetically cooled Hj ions, so that a working setup for Hj
spectroscopy can be reported.

The last chapter summarizes the next steps which have to be taken,
in order to observe a Doppler-free two-photon transition in cold, state
selected Hy ions.



Chapter 2

Trapping Charged
Particles

Figure 2.1: Overview of the experimental setup. It shows the vacuum
setup with the linear Paul trap in the front and sketches the placement
of the four necessary laser sources and the associated beam paths.

This chapter describes the technical realization for an experimental
setup with the purpose to produce, confine and investigate Be™ and
Hj ions. In the first section Paul traps are introduced as a possi-
bility to trap charged particles. In the second and third section first
the trapping mechanism is reviewed and subsequently a design for a
linear Paul trap presented, which suits the requirements. Thereafter
follows a description of the beryllium ion source to load the trap with
ions. The fifth section presents the the vacuum system. A simple test
shows that all the components are working as intended. An overview
for the planned HJ source is given in section six. This part is prelim-
inary and the final design may be slightly modified. In the last two
sections the imaging system and the experiment control software are
presented.
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2.1 Paul Traps

To confine particles at a given point r. in space, one needs a restor-
ing force F. For charged particles an electric field E, described by a
harmonic potential

o
o = 2—:2 . (azQ + By* + 722) , (2.1)
0

seems to allow a simultaneous restoring force in all three directions.
But a confining electrostatic potential in such a form is not possible,
since the Laplace equation A® = 0 must be respected. This leads to
the condition

a+pf+v=0 (2.2)

for the potential in equation (2.1), and two simple solutions for the
parameters are:

a=vy=1and = -2,
a=—-Ff=1and y=0.

Obviously an electrostatic potential is always repulsive in at least one
direction. This obstacle can be overcome by using an alternating elec-
tric field between parameters of different sign, which leads to a cycling
of the attractive force between the corresponding directions. In the
time average a small mean force remains, confining the particles. This
idea was published by Paul in 1958 [37]. The first realization of such
an RF ion trap is based on eq. 2.3, which leads to the geometry of
the hyperbolic trap (see Fig. 2.2 a) for a sketch). The design of this
apparatus and a description can be found for example in Paul’s Nobel
lecture [38].

For the solution in equation (2.4) an alternating electric field between
the T and y direction has to be established. This leads to the design of
the mass spectrometer and the linear Paul trap. The linear design has
the advantage of a better accessibility of the center of the trap, making
it easier to inject particles or manipulate trapped particles.

The main working principle, namely an RF field between at least two
electrodes in different directions, remains the same for Paul traps,
independent of the geometry. However, different tasks lead to a broad
variety of geometric realizations. In Fig. 2.2 different linear traps
are shown. The trap in b) is a so called precision trap from Mainz



2.1. Paul Traps

11

a)

Figure 2.2: Different Paul traps. a) Sketch of a hyperbolic Paul trap.
The ring electrode is cut open to show the hyperbolic shape of the
electrodes. b) A precision trap as it is realized at Mainz university.
The eleven fingers are each 0.2 mm wide with a spacing of 0.03 mm. c)
A possible design for the precapture trap in the GBAR project. The
length of the red RF electrodes is 34.8 mm, and the spacing between
the DC electrodes 0.2 mm. The total length of this trap is approxi-
mately 15 times the length of the precision trap. d) Two ITO chips, a
new technical realization of a linear trap, which is under investigation
in Mainz.

university and is designed to capture single or few ions while being able
to manipulate the position of the potential minimum very precisely
[39, 40]. The trap shown in c) is designed to confine a laser cooled ion
cloud which contains more than > 10* particles. This trap is larger
than the precision trap, since it must accomodate a laser beam to
address the ion cloud. New materials and manufacturing techniques
lead to designs like in d), a litographically created chip of conducting
segments, where the transparent part is created with an indium tin
oxide (ITO) coating. This allows for a conducting, but transparent
segment on the chip [41].

The traps b) - ¢) are also used as design studies for the GBAR project
[42]. While b) presents a possible candidate for the final trap, where
the photodetachment of H7 is planned. The traps c) and d) present
design studies for the pre-capture trap.

The following two sections review first the mechanism of a linear Paul
trap, and present then, based on the previous considerations, a trap
design which is suited for this project.

> 10%
ions
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2.2 A linear Paul Trap

In eq. 2.4 an alternating potential between electrodes in z and y di-
rection can establish confinement in the gy plane. To confine particles
along the Z direction additional electrodes are needed. Fig. 2.3 shows
an example of a linear Paul trap with its RF electrodes, the center
electrodes and the endcaps.

Figure 2.3: Sketch of a linear Paul trap. Electrodes (1) and (8) are the
RF electrodes. Electrodes (3) and (6) are the center electrodes. The
remaining ones are the endcap electrodes.

While the center electrodes are supplied with an RF voltage Vzp =
Uy + Vpcos [Qt], the endcap electrodes are supplied with a constant
voltage U;. The complete potential can be written as:

o (.’E, Y, z, t) = (I)RF (ZC, Y, t) + (I)endc. (Z’, Y, Z) (25)

In the following two subsections first the zg-confinement and the con-
ditions for a stable RF trapping are derived, then the confinement
along the Z-axis with a static DC potential are treated in more de-
tail.

2.2.1 Trapping in the zy-plane

As a first step in understanding the trapping dynamics in the zy-
plane a two dimensional quadrupole is treated. Real linear Paul traps
usually do not use hyperbolic electrodes, but rather cylindric ones. In
a second step a geometric correction factor x will be introduced, to
account for this difference.
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ylm m]

y\mm\

Figure 2.4: Cross section of hyperbolic electrodes with the inner radius
ro. Also shown is the potential for two different timest = 0 and t = 7;
the attractive potential is cycling between the electrodes.

The hyperbolic electrodes shown in Fig. 2.4 establish a two dimen-
sional quadrupole field in the Zy plane. With &y = Uy + V; cos[{2t] the
two dimensional potential is

(Uo + Vj cos [Qt])

2
2rg

Drp (,y,t) = (x2 — 2+ rg) ) (2.6)

The electric field is given by E = —V®, so the equations of motion
for an ion of mass m and charge g can be written as:

. q
- Ot = 2.7
T 2 (Up + Vo cos [Qt]) z = 0, (2.7)

. q
—— (U, Vi Ot =0. 2.8
y+mr3( 0+ Vo cos [Qt]) y (2.8)

By using the substitutions

_ 4qUq
Uy = —Qy = mQ—2rg (29)
2qVo
Gz = —Qqy = mQQT(% (210)
S (2.11)

the
potential

eq. of
motion
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Figure 2.5: Lissajous like trajectories of two charged particles with
mass 9amu and charge 1e. The initial conditions x;,x; are the same
in both cases, where the red arrow represents the direction of the
initial velocity. Left: Stable trajectories with ) = 27 - 13.37 MHz,
Vo =518V and Uy = 1V, and therefore (|a,|,|q.|) = (4.96:107%,0.13).
Right: Unstable trajectories with 2 = 27w -13.37 MHz, V5 = 200V and
Up =4V, and (|a.|, |q.|) = (1.98 - 1073,0.050).

the equations of motion can be transformed into a Mathieu equation
for both directions u = x, y:

d*u

1=zt (ay + 2q, cos [27]) u = 0. (2.12)

In Fig. 2.5 numerical solutions for different initial conditions and RF
voltage parameters are shown. These solutions can be divided into
two different categories: unstable and stable solutions. For unstable
solutions the trajectory diverges (and the particles collide with the
electrodes), while for stable solutions the trajectory is restricted to a
finite area in space. The general solution to the Mathieu equation can
be written as [37]:

[e.9] oo

u(r)=Aet Z Con €27 + Be HT Z Cop €27 (2.13)

n=—oo n=—oo

where A and B are constants depending on the initial conditions,
and the stability parameter p and the coefficients ¢y, depend only on
the parameters a, and ¢,. As the name would suggest the stability
parameter p = [ + im determines if the solution w (7) describes a
unstable or stable solution:
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Figure 2.6: Stability diagram for the Mathieu equation for the linear
RF trap. Left: Only the overlapping regions lead to stable solutions.
Right: The first stable region.

e [ = (: In that case either e*” or e 7 diverges and therefore also
the solution u (7) diverges. This unstable solution leads to the
loss of the particle.

e [ =0 and m € R: The particle has a periodic amplitude in the
2y plane and the solution is stable. The solutions with m € Z
describe the transition between stable and unstable solutions.

The python package scipy.special contains special functions, amongst stability
other things also the functions for the characteristic value of the even diagram
and odd Mathieu function: mathieu a(m,q) and mathieu b(m,q). In

Fig. 2.6 the functions for m = 0,1,2 are plotted, which enclose the

stable regions for the  and g direction. To confine a charged particle

the trajectory must be stable in  and g direction, therefore only the

overlapping regions in Fig. 2.6 are of interest. Experimentally the

region with a smaller ¢, and therefore also a smaller voltage is easier

to access, for which reason linear Paul traps are usually operated in

the first stable region.

The trajectory of a charged particle in a time constant field and a Adiabatic
rapidly oscillating field can be separated into two components: a Approxima-
smooth secular motion S(¢) and a fast oscillating micromotion M(S, t), tion
following the secular motion [43, 44].

In the following an one-dimensional approach outlines this separation.

The potential can be expressed by a time independent part ¢s (z) and

an oscillating part ¢ (z,t), so that one can write for the resulting

forces:
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Figure 2.7: The motion X (t) can be separated into a secular motion
S(t) and a micromotion M(S(t),t). The inset of the left panel is
shown again on the right side.

F(z)=—q - dqux(x) (2.14)
fled) = - 4O py s -1 @)

If now M < S and M > S, then M can be treated as perturbation
of § and one can expand the equation of motion:

mS(t) + mM(S,t) = F(S) + f(S,1)
+ MO, (F () + [ (z,1))|s + O(M?) (2.16)

Since the smooth and the oscillating part must be separately equal
one can write for the oscillating terms:

mM(S,t) = f(S,1) (2.17)

Using eq. (2.15) this leads to an expression for M:

M(S,t) = _J;(:L((‘;) cos [Q(t — to)] (2.18)

Averaging eq. (2.16) over one period of the micromotion one obtains
the secular motion, as shown in Fig. 2.7 on the right side. The fast
oscillating terms vanish, so that one can write
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T
mS = F(S) + %/M&Cf(x,tﬂs dt. (2.19)
0

Using the expression for the force from eq. (2.15) and for the secular
motion from eq. (2.19) one can write:

1

fo(x) 0fo()ls (2.20)

which can be rewritten

2
. q 2
md = 0. (ass(o) + g 0o @) | (2:21)
One can now identify the pseudopotential energy:
Spenao®) = T (Dua () 222
'pseudo 4TI’LQQ T
And rewrite the secular potential energy:
stec(z) =4q ¢/Vl ([L’) + ¢pseudo($)~ (223)

This calculation can be generalized to three dimensions. With the
time depending part in eq. (2.6) this leads to the pseudopotential
energy

q2 %2

4mQ?r]

Dpseudo(T,Y) = (2 +y?). (2.24)

This expression shows that the pseudopotential is confining in the &
and g direction. Finally, the complete secular potential energy in the
zy-plane is

21,2

Vs 2 2 qUy , 4 2
see(T,y) = + + — — ) 2.25
Psec(T,Y) ImQ2rd (z°+y7) 212 (z° —y7) (2.25)

It can be written in terms of secular oscillation frequencies as

pseudo
potential

secular
frequencies
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—_

- 1
Gsce(w,y) =5 Mm@ +9%) + 5 muf(a® - y?)

—om @R P b om @ ) (22

— DN

[\]

with

2172
~2 Vs > qUo
2m2%r mr§

These frequencies can also be expressed in terms of the parameters a,,,
q, and €

292 QQ
o = q“8 and wg = %4 ,
so that one can write:
Q2 2
Wy = (%“ + au) . (2.27)

The potential depth can be estimated using eq. 2.26 as the effective
potential at the electrode location:

" Ve qUo
sec,depth — 4m§22r8 9 .

(2.28)

Mathieu’s differential equation assumes hyperbolically shaped elec-
trodes as boundary conditions. These are difficult to produce, and in
1958 Paul, Reinhard and von Zahn replaced the hyperbolic electrodes
successfully by electrodes with a circular cross section with me/r, = 1.16
(37].

With the increasing computer power it was shown in 1971, that a
ratio of 7¢/r, = 1.1468 leads to an even better approximation of the
quadrupole field [45]. Nowadays it is easy to verify these results. The
potential distribution in a quadrupole with circular cross section can
be expressed as a series [45]:

00 2(2n+1)
O(x,y,t) = (Uy + Vo cos [Q2]) Z C, (%) cos[2(2n+1)0] +
n=0
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Figure 2.8: Cross section of cylindrical electrodes for a linear Paul
trap. The characteristic parameters are R, the distance between the
trap center and the electrodes, and the radius for the cylindric elec-
trodes, r..

The first term is the quadrupole term, the second one a 12-pole term,
etc. The best approximation to a pure quadrupole potential is an
electrode radius such that the 12-pole coefficient € disappears, all
higher contributions are magnitudes of order smaller.

Transforming eq. (2.29) into cartesian coordinates and using some
trigonometric identities one can write for the potential along the &
axis for Uy = 0 and t = 0:

ZL‘Q LL‘G
@(x,y:o,t:o):vo(00—2+01F+...) (2.30)
0

7o

Here an effective radius ro was introduced, which is expected to be
close to R.

An option to simulate the potential which is caused by multiple elec-
trodes is the commercial software SIMION 8.1. This software can be
used to define the geometry of the electrodes via .gem-files. It then
solves the Laplace equation numerically on a mesh, where the resolu-
tion of the mesh is 1 point/mm. In order to obtain a better resolution
all the following results are obtained with a 10/1 scaled geometry. The
result for each independent electrode is saved in a so called .patxt-file

SIMION
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correction
factor

format, and then imported into Python 3. Here the potential arrays
are rescaled to a newly defined voltage for the corresponding electrode.
The geometry is also rescaled. Thereafter the total potential caused
by the ¢ independent electrodes can be summed up:

q)SIM,DC (I7y, Z) = Zq)z('r7y7 Z) (231>

To determine the values of the coefficients Cy and C the geometry of
four cylindric electrodes with the parameters R = 3.5mm, [ = 12mm
and 7, = 2.975 mm, 3.325 mm, ... was defined in multiple . gem-files (an
example file and an overview of the resulting geometry can be found
in the appendix A.1). The mesh consists in each case of 261 - 261 - 141
points. The results were imported to python and rescaled such, that
each two opposite set of electrodes have the same voltage, the two RF
electrodes with 1V and the other two electrodes with 0 V. Thereafter
the total potential ®gnvpc along the 2 axis was fitted with the first
two terms of eq. 2.30. In fig. 2.9 the coefficients Cjy and C' are plotted
as a function of the ratio /r. For a ratio of 7/r = 1.15 £ 0.01 the
contribution of the 12-pole term vanishes, and the approximation with
a pure quadrupole potential is best justified. These calculations agree
with what can be found here [46], where a more detailed analysis is
carried out.
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Figure 2.9: Left: Coefficients Cy and C for different ratios 7</r. Right:
Data points from SIMION for r</r = 49/35 = 1.1429 and a pure

quadrupole fit.

In the case of our trap this ratio is not the ideal value, since e/r =
40/35 = 1.1429, which is slightly smaller. Therefore the 12-pole term
does not vanish completely, and one obtains Cy = 0.5055 and C =
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3.8238107%. In the practical case one is interested in the region in the
proximity of the trap center, so that 7/r, < 1. Therefore Cy (7/ry)? >
C1 (7/r)° and the quadrupole approximation is valid.

The fit with a pure quadrupole term of the form a - #*/r2 + 3 leads to
B = 0.500 and to a = 0.5055. The discrepancy between the theoretic
value ay, = /2 and the value from the fit can be explained by the
fact that not all higher order terms in eq. 2.29 become zero. By
introducing

ro = KR (2.32)

and demanding o - #*/r2 = #*/2:2 one obtains for the geometric cor-
rection factor k = 0.9945. This correction factor has to be taken into
account when deriving the secular frequencies (see section 2.2.3).

2.2.2 Trapping in the Z-direction

In the section before it was shown how trapping in the Zy plane can
be achieved using an RF potential. Confinement along the Z-direction
can be accomplished by applying DC potentials at the endcap elec-
trodes.

0 15105 ¢ 5,

015 20 25 3 10 -5 0 5 10 15

T

Figure 2.10: Design for a linear Paul trap, consisting of RF and cen-
ter electrodes (light grey), and four endcap electrodes (dark red) for
confinement along the Z-direction.
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endcaps

effective
length

In fig. 2.10 the endcap electrodes are highlighted. The RF electrodes
are not segmented. One can see that with positive endcap voltage the
potential is confining along the Z direction and deconfining along the
2 and gy directions. Close to the center of the trap, the potential has
a quadrupolar behaviour that is modeled by

%

= 5.2
2z€ff

Dende. (z,y, 2) . [22 — 1/ (:L'2 + yQ)} + 7, (2.33)

where U is the voltage applied to the endcap electrodes. To estimate
the effective parameter z. s for the specific geometry shown in fig. 2.10
SIMION 8.1 was used again. The .gem-file with a mesh of 241-241-401
points can be found in the appendix A.2.

After preparing the results in python 3 the endcap electrodes were
scaled to 1V and all other electrodes to 0 V. The total potential
Osivpe (2,9, 2) along the &, § and 2 axis was plotted and can be seen
in fig. 2.11.

z [mm] 7y [mm]
42024 42024

5 10 15 20 25 30
# fitpoints

Figure 2.11: Top: SIMION potential along the Z, y and %z axis for the
geometry shown in Fig. 2.10. At the endcaps the applied voltage is
1V, and OV elsewhere. Bottom: Adjustment of the parameter z.s¢
depending on the number of points which are used to fit the potential.

This result has been fitted with the expression in eq. 2.33. The
bottom part of fig. 2.11 shows the dependency of z.¢s for the three
axes, when varying the fit intervall around z,y,z = 0. One can es-
timate the value for the effective length with z.sy ~ 11.7mm. This
is approximately twice the size of the half electrode distance with
6.2 mm, which can be expected since the RF electrodes are not seg-
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mented. The potential minimum is consistent in all three dimensions
with v = CI)SIM,DC (O, 0, 0) =0.021 V.
2.2.3 The Effective Potential
With the investigations of the last two sections eq. (2.5) can be rewrit-
ten in order to gain some quantitative insight to the effective trapping
potential. First the RF part can be replaced with the expression for
the secular potential in eq. (2.25) with g = k- R, where k = 0.9945.
In a next step the endcap potential is replaced with eq. (2.33), with
Zef = 11.7mm. By sorting the equation by variable we finally obtain
an expression for the effective potential energy:
bett (T,Yy,2) = Gl + % _ ldb z?
et W0 Y, 2) = 4mQ2r 23 222%
21,2
q Vb qUO 1 qu 2 Ul 2
— - = . — - 2.34
* (4m92r8 2r2 2222 + 222 @ (234)
one can identify the different contributions from the RF potential and
the endcap potential. Using eq. (2.26) we can further simplify and
obtain a final expression for the effective potential:
1
Get (2,7, 2) = 3 (wiz® + wzyQ + w?2?) (2.35)
with
- 1 U
wz/y =’ +wl— -w?and w, = 4 (2.36)
2 mzeyf
In Table 2.1 frequencies for typical operating parameters can be found.
species || Vo || ay | ¢ | wi[kH7] | w,[kH7] | w.[kHz]
Hy 200V || 2.26-107* | 0.226 | 1069.5 | 1060.0 94.5
Be™ 200V || 5.02-107° | 0.050 | 239.7 230.2 44.5
Hy 518V || 2.26-107* | 0.585 | 2764.2 | 2760.5 94.5
Be™ 518V || 5.02-107° | 0.130 | 615.1 611.4 44.5
Table 2.1: FEigenfrequencies for different RF voltage amplitudes, ) =
2m-13.37TMHz, Uy =0.1V and U; = 1V.
One can use the parameters () = 27-13.37 MHz, g = k-3.5mm and m
to plot the region of the first stability diagram of Fig. 2.6 as a function spectrometer

of the voltages U, and Vj, as shown in Fig. 2.12 on the top.
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Figure 2.12: Analysis for the trap realization of section 2.3 Top: Sta-
bility diagrams for the masses m = lamu — 9amu. Bottom left:
The colored background marks the parameter space which is accessi-
ble with the setup of section 2.3. Bottom right: The trap depth for
different masses.

Based on this plot the working mechanism of a mass spectrometer can
be explained: By changing simoultaneously U, and V, with a fixed
ratio, such that only the stability of one species overlaps with the
setting of the trap, one can confine distinct species.

Bottom left of the Fig. 2.12 shows the parameter space which can
be accessed wih the potential supplys described in section 2.3. By
changing Uy it should be possible to deplete the trap of heavy particles.
The potential depth depends quadratically on V{, as one can see in
Fig 2.12 at the bottom right. For high values of the trap depth the
adiabatic approximation is not valid anymore and the confinement of
the particles is not stable anymore. One can also see, that having
the same charge, lighter particles are trapped tighter than heavier
ones.

The expression for the effective potenial derived in the section before
allows to estimate the motional frequencies w,, w, and w,. However,
this works only for symmetric potentials, i.e. the same endcap po-
tential U; at all four endcap electrodes and the same potential at the
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center electrodes Uy. Therefore the effect of patch potentials or the
movement of the potential minimum (and therefore the movement of
the cloud in the trap) by different DC voltages cannot be investigated.
As demonstrated below, an analysis with SIMION allows to investi-
gate these effects of different DC potentials at the eight electrodes,
while including the pseudo potential to take the RF trapping into
account. The .gem-file ca be found in the appendix A.3.

2[mm] . 0 . . Z[mm]
o ]

Figure 2.13: SIMION analysis for the effective potential ®gp(x,y, 2)
for Q = 2m - 13.37TMHz, V; =200V, Uy =0.0V and U; =5V

The potential can be written as a sum of the pseudopotential and the
static potential applied to the eight electrodes:

(I)SIM (37, Y, Z) = (I)SIM, pseudo(xa Y, Z) + (I)SIM, DC($7 Y, Z) (237>

The part for the pseudopotential is numerically solved, using equation
(2.22), and thereafter the DC arrays are added. Fig. 2.13 shows
Osnv(z,y = 0, 2) between the trap electrodes for a symmeric potential.
In fig. 2.14 the consequence of some patch potentials on the position
of the potential minimum is shown. Asymmetric potentials at the
endcaps have a smaller influence on the position of the ion cloud than
at the center electrodes.
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a) no defect

b) defect at
electrode (@

c) defect at
electrode (3

d) defect at
electrode ()
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Figure 2.14: SIMION analysis for the effective potential ®gp(x,y, 2)
in the % plane (left) and the yZ plane (right). The basic parame-
ter configuration in each case is ) = 27 - 13.37TMHz, V, = 200V,
UO =0.0V and U1 =5V.

The first case a) shows the case of perfectly symmetric applied po-
tentials. In case b) the endcap electrode (@ is charged with 6 V. The
potential minimum does not change the position. In the case c) the
center electrode (3) is charged with 1 V. The potential minimum moves
in the §z plane by 0.4mm. In the last case d) the RF electrode (D) is
charged with 1V, which moves the center of the potential minimum
by 0.6 mm in the £z plane.
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2.3 Design and Implementation of a lin-
ear Paul Trap

The task for this trap is to confine a few hundred molecular hydrogen
ions in a laser cooled beryllium Coulomb crystal. In the previous
section it was shown that the kind of particle one wishes to trap and
the size of the trap imposes the trap voltages in a certain regime.
Suitable Coulomb crystals contain a few thousand ions and have a
dimension of approximately 1mm in length and up to a couple of
hundred pm in width [47, 32]. In Fig. 2.15 the result of a numerical
simulation for such a mixed species Coulomb crystal is shown. This
kind of cloud could be accomodated in a relatively small trap.
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Figure 2.15: A typical Coulomb crystal composed of 1469 Be™ ions and
450 Hy ions, where the stability parameters for Be™ are a, = 5.25-1077
and q, = 0.0223, and the axial frequency w, = 2w - 250kHz. This is
the result of a numerical simulation, details in [32].

However, once the ions are trapped one needs good optical access to
manipulate the particles. For some of the needed laser sources in this
experiment (see 2.3.1) there are no window materials and coatings
which allow good transmission at all the wavelengths. Therefore mul-
tiple windows need to be installed. In our case the size of the trap
and the vacuum chamber is governed by the size and divergence of the
laser beams needed. The most stringent constraint is caused by the
infrared 9.17 um HJ two-photon excitation source.

As a last constraint the trap must allow to be loaded with ions . In this
experiment a beryllium oven and an electron gun are used, which are
mounted below the trap (see 2.4), and a Hy molecular beam apparatus

size of
ion cloud

optical
access

loading
ions
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multiple
windows

was constructed and tested (see 2.6 and [32]).

2.3.1 Trap Accessibility

The trap and vacuum chamber have been designed to accomodate the
following laser beams:

e a continous wave 313nm laser for Be™ cooling

a pulsed 303nm (or 202nm) REMPI laser for HJ creation
e a continous wave 9.17 um HJ two-photon excitation laser

a pulsed 213nm Hj dissociation laser

e a 235nm laser for ionization of Be (not yet implemented).
In addition, the trap needs to allow access for

e imaging to a CCD camera

e HJ molecular beam

a neutral Be beam

electrical feedthroughs for trap, Bet source and cavity

The UV beams can in principle share the same windows, while for
others like the spectroscopy laser at 9.17 um and the cooling beam
at 313nm there are no technological solutions for simultaneous high
transmission. This obliges one to use different windows for these
beams and therefore makes angles between laser beams necessary.
This setup is designed to allow optical access to at least three different
laser sources with non-compatible transmission properties.

J J J o ! o 15
100} A 10
: Q0 | =
g Of e @0 £
100} ST 10
I 1 I | | | I I I I I _15
-100 0 100 -1 0 1 -15-10-5 0 5 1015

z2 [mm] 2 [mm] Z [mm]

Figure 2.16: Left: Arrangement of the trap and the laser beams for
cooling (at 0.0°, blue), spectroscopy (at 11.45°, red) and dissocia-
tion (at 28.5°, purple). Center: Enlargement of the trap center. A
beamwaist of 300 um at the trap center overlaps a sketched ion cloud
with the dimensions of the Hy cloud in Fig. 2.15. Right: Cut surface
of the laser beams at the entrance of the trap.
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As noted above, the 313nm and the 9.17 um laser cannot share a
common viewport. However, for both beams the preferred axis would
be along the trap axis, in order to obtain the biggest overlap between
the beams and the ion cloud (Fig. 2.16, center image). The smallest
available viewports (CF16) and an inner diameter of 298.5 mm for the
main chamber lead to an angle of 11.45° for the spectroscopy laser at
9.17 pm.

In order to be able to address all the trapped HJ ions, the beam waist
at the center of the ion cloud should be as large as possible. On the
other hand the needed intensity for the two-photon transition makes a
beam waist as small as possible desirable. A trade off is achieved with
a beamwaist of ~ 300 um. The transition probability at resonance is
given by [48]

2

, (2.38)

drad\? 412
Fw/: 0 — (1 4
( ﬁ0> L'y (1+9

E,+ L,
o (E452)

with the intensity /, the linewidth of the transition I'y, and the two-
photon transition operator @,,,. For v = 0, v/ = 1 and L = 2 the
two-photon transition operator evaluates to Qo (L = 2) = 0.199 [49].
Assuming an optical power of 10 W and a beam waist of 300 um, one
ends up with an intensity of I = 70.7W/mm2. Together with an es-
timation for the linewidth T'; = 27 10*s™! the transition probability
is [g; &~ 44571, which is sufficient for trapped Hy ions. However, to
reach the required intensity for the two-photon transition an intra-
vacuum cavity for the spectroscopy laser is needed. To accomodate
the cavity in the vacuum chamber, the latter can not be too small (see
Fig. 2.16 on the left side).

The high intensity for the spectroscopy laser leads to the major de-
signing constraint, namely that clipping of the beam by the electrodes
must be avoided. At 9.17 um the divergence of the beam must be taken
into account. The radius of a Gaussian beam with waist w, located
at z = 0 depends on its wavelength and can be written [50]

Az’
=wp - 4/1 — 2.39
w(e) = w1+ (25) (239
and its beam divergence angle is
A
0=—, (2.40)
TWo

which is for a wavelength of 9.17 ym approximately 30 times larger
than in the UV. In order to estimate the minimum distance between

cavity

beam
divergence



Chapter 2. Trapping Charged Particles

the trap electrodes, one can calculate the fraction of power of a Gaus-
sian beam with waist wy which is within a circle of radius R. This is
given by

232} | (2.41)

p=1—exp {——2
Wo

Table 2.2 gives an overview of the loss of power outside a circle with
multiples of the beamwaist as radius.

radius‘ 1wy ‘ 2wy ‘ 3 wo
loss | 0.135]34-107" | 1.5-10°°

Table 2.2: Losses for different radii.

For the cavity we aim at a Finesse of > 1000. With the definition of
the Finesse F as

™

" losses of the cavity

one can see that with a radius of > 3 - wy the losses are negligible.
To make sure no power is lost at the electrodes, the distance between
the trap electrodes is choosen such that it is at least 3 times the beam
diameter after propagating 18.2mm (Fig. 2.16, right image).
trap A trap with an electrode radius of r. = 4mm and R = 3.5 mm fulfills
dimensions this requirement. The design shown in Fig. 2.17 respects the above
mentioned points and allows for multiple electric feedthroughs. In
Table 2.3 the angles for the optical axes and the feedthroughs are
displayed. The beryllium source is mounted below the trap, and the
chamber is closed with a custom flange which includes a reentrant
window to monitor the ions from above.

position || B/K |C/L|D/M | E |F/O|[G|H/Q| I | J | N|P|R]|A

angle® || 0 |11.5] 285 |52 70.4 90| 115 | 135 | 150 | 232 | 270 | 315 | 330

Table 2.3: Angles of feedthroughs with respect to the Z axis of the
trap.

The electrodes were mounted on four Al,Os bars to ensure electric
insulation between the electrodes (Fig. 2.17). To prevent deforming
the electrode shape each of the electrodes is contacted by the screws
which position the electrodes on the bars. The Al,O3 bars are fixed
on two stainless steel holders, which are shaped to allow optical access
along the relevant axes in Fig. 2.17. The holders are connected to two
copper corpi, one on top and one from below, while the lower block
accomodates the beryllium oven and the e-gun.



2.3. Design and Implementation of a linear Paul Trap

31

I:of -
source

axis D-M
213 nm

axis C-L
9.17 pm

. axis B-K
- . 313 nm

“
g R —
D 5 e -,

P: imaging

Figure 2.17: Top: The mounted trap, as seen from position G. Bottom:
Design of the vacuum chamber with trap and cavity.
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2.3.2 DC Voltage Supply

The linear trap in this experiment needs
e cight, individually controllable and stable DC voltage channels
e two RF voltage channels up to 600 V.

Each of the DC channels is applied at one of the electrodes 1 to 8,
while the RF channels are connected to the RF electrodes 1 and 8 (See
Fig. 2.18). A DB-15 wire provides the connection to the DCelectrodes,
while the connection to the RF electrodes is done with a copper wire
with a diameter of 1 mm.

T[mm]
=20 =15 -10 -5 0

Figure 2.18: Linear Paul trap with its eight electrodes and the corre-
sponding electric connections.

The six smaller electrodes with a length of 12 mm are each separately
RF - grounded (using a 1 nF CMS capacitor) right at the trap hous-
ing, in order to minimize any picked up signals due to the RF supply.
With a resistance of R = 100k{2 the parameters of this part of the
circuit in Fig. 2.19 (dashed box) are such that it acts as a low pass
filter, allowing only frequencies below a cut off frequency of ~ 1.6 kHz
to pass. This is well below the RF frequency of the trap at 13.35 MHz,
and also well below the secular frequencies, which are > 44kHz (see
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also table 2.1).

While creating Be™ ions by electron impact (see section 2.4) the emis-
sion current of the e-gun is dissipated mostly by the trap electrodes.
This leads to currents of &~ 10 uA and together with the resistance of
100kS) for the RF - grounding this may change the voltages at the
trap electrodes in an order of magnitude of 1V and prevent trapping.
As seen in the section before in Fig. 2.14, such additional voltages
change the position of the potential minimum and therefore possibly
increase the effect of rf-heating. In order to counteract for this effect
the electrodes are connected to an electrical circuit which actively sta-

bilizes the voltages at the trap electrodes. This circuit is shown in Fig.
2.19 and is described in [47].

in vacuum __ — AN

electrode

WA

100£€2

100£€2

___1InF InF

Figure 2.19: DC electrode connection and voltage stabilization. In the
case of the DC electrodes the values for the resistances R; and Ry are
12k, for the RF electrodes Ry = Ry = 100 k(.

A DAC from National Instruments provides the voltages for the DC
electrodes. The output voltages are between —10V and +10V. The
DAC is interfaced with Python 3 and the DC voltages on the trap
electrodes can be controlled individually from the experiment control
software.

2.3.3 RF Voltage Supply

The sinusoidal RF voltage is provided by a Red Pitaya used as a signal
generator, which is interfaced by the Python experiment control. The
red pitaya output is sent to a RF001100-25 RF amplifier from RFPA,
which delivers up to 25 W between 0.01 and 100 MHz. This results in
an RF amplitude of ~ 15V on a 50 () impedance.

In order to provide the trap with a stable and high voltage potential
a helical resonator [51] was designed, Fig. 2.20 shows a sketch of the

current
compensation

Red
Pitaya

helical
resonator
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Figure 2.20: A sketch of the helical resonator. The secondary coil is
inductively coupled to the primary coil.

design. The amplifier output is connected to the primary coil of the
helical resonator, and the secondary coil is capacitively connected to
the trap electrodes. The coil of the helical resonator consists of a 5 mm
copper wire with 19 windings. The pitch of the coil is 10 mm and the
diameter is 45 mm. The primary coil, or RF antenna, has 7 windings
and is made of a copper wire with 1 mm diameter. The RF antenna
is partially inserted into the secondary coil.

Since the original design of the experiment included RF guides for the
injection of externally produced Hj ions, the parameters of the heli-
cal resonator were optimized for a higher capacitative ballast than we
ended up with (instead of the guides and the trap only the trap ac-
counts for the capacitative ballast). Therefore the resonance frequency
of the lumped system was lowered from 19.47 MHz to 13.37 MHz by
adding an additional capacitance Chaq (see Fig. 2.21) into the circuit.
Measuring the resonance frequency f.s as a function of the added
capacitance Cygq gives access to the inductivity L.y of the coil and
the capacitance Ci,p, of the trap. For this measurement the circuit
in Fig. 2.21 was used, but without the connections to the DC supply
(shown in the dotted rectangles). Adding the two capacitors for the
divider bridge in a combined capacitor Cpyigge One can write for the
total capacitance of the circuit (neglecting the low impedance of the
big capacitors C')

C’tot = C(bridge + Cadd + Ctrap + C1coi1- (242)

Asuming the inductance of the trap is small one can write Loy Cyor w? =
1 and therefore
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Figure 2.21: The Iumped system, consisting of the helical resonator
and the trap. For the capacitors: C7 = 1.8pF, C; = 18pF and
C = 10nF. Remaining parameters: R = 220k} and L = 0.1 mH.

1 1
Lcoil (27rfres)2

C(bridge + C(add = — (Ctrap + Ccoﬂ) . (243)

Fig. 2.22 shows the measured values for the expression above and a
linear fit. With this fit the inductance of the coil can be determined
to Leoir = 1.63 pH and the capacitance Cipap + Ceoil = 35.3pF. By
removing the trap equivalent circuit (within the dashed rectangle in
Fig. 2.21) and measuring a resonance frequency of 32.6 MHz one can
also determine the capacitance of the coil. With Ly - Ceon + (27 -
32.6 MHz)? = 1 the value for the capacitance Ceoy results in 14.7 pF,
and one finally obtains a value of Ci,,, = 20.6 pF for the capacitance
of the trap.

By adding a capacitative ballast of 54 pF the resonance frequency
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Figure 2.22: The resonance frequency of the RF circuit versus the
added capacitance.

is finally shifted to a lower value. While the maximum amplitude
of the RF voltage was 671V at 19.47 MHz, this reduces to 518V at
13.37 MHz (see also Fig. 2.23). The quality factor reduced as well,
from 46.4 to 27.3. However, since the a; and ¢; factor are o< 1/02 (see
section 2.2.1) the values for the two factors increase and lead to more
suitable values for light particles (see also Table 2.1).
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Figure 2.23: Amplification of the helical resonator, with and without
additional capacitance.

2.4 Loading Ions

The RF potential makes it difficult to load ions from the outside.
Therefore neutral atoms are targeted towards the trapping region and
are there ionized, either by photo-ionization or by electron impact ion-
ization, using an electron gun.

To load Hj ions a gas inlet for a molecular beam was constructed
and is together with the REMPI laser currently being tested within
another experimental setup (see section 2.6 and [32]).

The creation of the Be™ ions can be solved by another approach. An
oven is used to produce beryllium vapor close to the trap center. Then
an electron gun ionizes the beryllium atoms. The design for the beryl-
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lium oven (see further below) was developed by P. O. Schmidt and
T. Rosenband at the National Institute of Standards and Technology;,
and is an improvement of the design described in [52]. In Fig. 2.24
a) the overall arrangement of trap, beryllium oven and electron gun is
shown.

a)

center of trap

shielding
~<— cylinder

oven

mounting ~_,

insulation
mount — ™

@ oven cone

oven mount
to ground

(3) Ta filament

(4) four bore tube
(5) beryllium

(6) sealed with glue
(7) mb wire

spot weldings

Figure 2.24: Beryllium oven and electron gun.
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2.4.1 Beryllium Oven

The main component of the beryllium oven is an aluminium oxide
(Al;O3) tube with a length of ~ 5mm and a diameter of ~ 1.2 mm.
Beryllium has a melting point of 1560 K and is brittle in its solid state.
The melting point of AlyO3 is with 2345 K significantly higher than
the one of beryllium.

The Al,O3 tube comprises four holes , each with a diameter of 0.254 mm
(see Fig. 2.24 b)). A tantalum wire to heat, with a diameter of
0.125 mm is looped through three of the four holes. In the fourth hole
a beryllium wire with a diameter of 0.25 mm and a length of ~ 3 mm
is placed. To fix the beryllium wire in its position and also to seal
one of the openings, one end of the Al,O3 tube is filled with a ceramic
paste (Ceramabond 569), which is, once it is hardened, temperature
resistant up to 1923 K.

The tantalum wire is then spot welded to a molybdenum wire with a
diameter of 0.5 mm, which is connected to the copper current supply
by a wire to wire screw connector that is vacuum compatible.

The tantalum wire is wrapped around the molybdenum wire (see Fig.
2.24 b)), and thereafter the two wires are connected through multi-
ple spot weldings. The spot welding is done with an old Sciaky spot
welding machine. This machine has two parameters: The intensity of
the current and the duration of the welding time, where both of the
parameters are without units. A setting of 10 for the intensity and
5 for the duration leads to a robust connection. Different parameter
settings lead either to a weak connection or to a damage of the tanta-
lum wire.

To heat the oven and evaporate beryllium a current is sent through
the tantalum wire. Since a significant amount of the heat is lost by
radiation, the oven is placed within a stainless steel enclosure. This
reduces the current needed, and helps to prevent the tantalum wire to
break because of too high current.

In order to prevent sputtering the electrodes with beryllium the oven
is covered with a stainless steel cone (bottom of Fig. 2.24) and an
additional cylinder with a hole at the top is attached (see Fig. 2.24).
These two apertures cause a collimated beryllium beam and help to
aim the beam into the center of the trapping region, without sputter-
ing to much Be™ on the electrodes.

To test the oven and determine the current which is needed to evap-
orate a sufficient amount of beryllium atoms, the oven was mounted
in a vacuum cross. In front of the oven a residual gas analyser was
mounted. The results can be seen in Fig. 2.25. Heating the tantalum
wire with a current of > 2.95 A is sufficient to produce enough beryl-
lium vapor for a loading of the trap using the electron gun. The oven
current is provided by a three channel Keithley power supply, which
is also used to drive the electron gun.
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Figure 2.25: Top: Partial pressure as a function of the atomic mass
unit for an oven current of 3.5 A. Bottom: The partial pressure of
beryllium as a function of the oven current. The bottom bar shows
the noise at an oven current of 0.0 A.

2.4.2 E-Gun

In this experiment the beryllium ionization is done by electron impact
ionization (for photo ionization see for example [53]). Thus an electron
gun (model FRA-2X1-2 from Kimball) is mounted close to the trap
center (see Fig. 2.24). The angle between the neutral beryllium atoms
and the electrons is approximately 45°. The beam energy can be ad-
justed in between 5 and 1000eV. The beam current is adjustable in
between 5nA and 400 pA. The spot size of the beam varies with the
beam parameters, but the design is optimized for a 20 mm diameter
for 50eV and a working distance of 25 mm.

During the loading of beryllium ions the electron gun is operated for
the complete loading time. The emission current is approximately
20 4A, and the beam energy 120eV. The supply of the e-gun is
done with the same Keithley power supply the oven current is pro-
vided.

2.5 The Vacuum System

Since the objective of the experiment is the investigation of light
molecules, the experiment needs to be placed in an ultra high vaccum
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(UHV) environment. The UHV regime is characterized by pressures
below 10~ mbar. In Fig. 2.26 a schematic view of the vacuum system
can be seen. The main components are the experiment chamber (elec-
tropolished, custom made titanium chamber, with an inner diameter
of 298.5mm), a turbo pump and a turbo pumping station (including
a turbo pump and a baking pump), an ion pump and a titanium sub-
limation pump. The setup is designed to reach pressures well below
the start of the UHV regime, 1071° - 10~ mbar.

Bayard-Alpert
ion gauge

Titanium subli-
mation pump

Turbo pump Ton pump

Figure 2.26: Sketch of the vacuum housing. The turbo pumping sta-
tion is placed after the first turbo and not shown in the sketch.

To reach low pressures the complete setup was heated around 100 °C,
using heating wires. The limiting factor for the temperature are the
ZmSe windows for the IR laser. Baking removes water and other gases
which were adsorbed at the chamber walls during cleaning and during
the contact with air. In Fig. 2.27 a typical baking cycle is shown. After
closing the setup the turbo pumps are started and the temperature
is increased, such that the temperature gradient does not exceed the
tolerances of the windows (&~ 10°C/min). After baking the setup
the ion pump is started and the heating turned off. Without using
the titanium sublimation pump a pressure of ~ 2.5 - 1071 mbar was
reached within a week.

To test the vacuum setup and detect possible leaks one can determine
the outgassing rate. For that reason all pumps were stopped and the
pressure was measured using the Bayard-Alpert gauge each 15s for
240[s]. A linear fit shows an increase of 1.27 - 10~ mb]1/s.
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Figure 2.27: After baking the setup for five days and pumping, the
pressure decreases to ~ 2.5 - 1071 mbar. During this process the volt-
age applied at the heating wires, the temperature and the pressure
was monitored.

By estimating the enclosed volume and the surface of the setup to
18.61 and 8100 cm? one can find a value for the outgassing rate. After
applying a correction factor for molecular hydrogen of 0.46 [54] for the
pressure indicated by the Bayard-Alpert gauge finally an outgassing
rate of 3.40 - 107 mb1/s/cm? is found. An overview of outgassing
rates for different materials and treatments can be found here [55].
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The lowest value for stainless steel is 2.13 - 10~ mb1/s/cm?, after a
baking at 1000° for 3 hours and subsequently baking at 360° for 25
hours. This indicates that the setup presented here is working well.
Only recently (January 2018) the titanium sublimation pump came
into operation. The pressure indicated by the Bayard-Alpert gauge
dropped to approximately 6.7 - 107! mbar, which is close to the limit
of the pressure range these gauges can accurately detect.

2.6 The H Source

The design for the in situ creation of the Hy ions in form of a molecular
beam with a differential pressure setup and a 303 nm laser source is
described in detail in [32]. Fig. 2.28 shows a preliminary plan for the
molecular beam source. At the moment the apparatus is mounted at
a different setup and tested there.

L
= 4

controlled
gas inlet
=
electrical
feedthroughs
pulsed valve
turbo

Figure 2.28: A sketch of a first design for the molecular beam of H.

Its main components are a piezo-electric pulsed valve and a skimmer,
which, together with a controlled gas inlet, divide the volume in three
parts with different pressure. In the first part, before the pulsed valve,
the Hy gas is stored at a couple of 100 mbar. This pulsed valve can be
opened and closed with high frequencies, while the delay in between
the openings can be controlled.

In this region after the valve and before the skimmer a turbo pump
ensures a good intermediate pressure, before the skimmer marks the
transition into the last regime, the main chamber, where a pressure of
~ 1071 mbar should be maintained. The skimmer works also a kind
of collimation for the molecular beam, since due to its shape only
molecules with a certain velocity vector can pass. A flexible bellow
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allows for the alignment of the complete ion source with the center of
the trap, where the photodissociation will take place.

At the moment the design will be changed to include two skimmers,
to obtain a better differential pressure setup. While the 3+ 1 REMPI
scheme has been shown to work [32], a 24+ 1 REMPI scheme is under
investigation.

2.7 Imaging

The detection of the fluorescence of the Doppler cooled beryllium ions
with CCD cameras allows for an analysis of the trapped ions, like
for example the number of ions. If the ions form a Coulomb Crystal
(see section 4.1) also the shape of the crystal can be detected. This
allows for the identification of different species of commonly trapped
ions. A photomultiplier allows for the minimization of micromotion
(see section 4.3). An overview of the implemented imaging system can
be seen in Fig. 2.29 below.

Andor
Ixon 888

Andor objective
Ixon Ultra

photomultiplier

collimation
focusing lens
lens ‘ beamsplitter

Figure 2.29: Sketch of the imaging system and the photomultiplier.

Two EMCCD (electron multiplying charge-coupled device) cameras
were mounted to monitor the experiment. The camera on top is an

status

EMCCD
cameras
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Andor Ixon 888 with 1024 x 1024 pixel, with an edge length of 13 um.
The camera responsible for the imaging in the horizontal plane is an
Andor Ixon Ultra, which comes with 512 x 512 pixel, each having
an edge length of 16 yum. Both cameras have a built-in peltier ele-
ment to cool the chip, which decreases the dark current and improves
the signal. Without additional help (except the also built-in fans)
to transport the excess heat the minimum operating temperature is
approximately —80°. The quantum efficiency for CCDs is at 313 nm
very low, for which reason in both cameras the CCD chip is coated
with a material which absorbs the UV-photons and emits at a different
wavelength. This increases the quantum efficiency to =~ 30%.

In order to estimate the collected photons one needs to analyze the op-
tical accessibility of the trap center. Fig. 2.30 sketches the geometric
situation for the camera in the horizontal plane.

y [mm]
Z [mm]

Figure 2.30: Sketch of the position of the lens (indicated on the left
side) relatively to the trap. The electrode diameter limits the angle 6.

The fluorescence of the trapped and cooled ions is collected with a 1
inch collimation lens (see also Fig. 2.29), which is mounted in a home-
build holder, resulting in an effective diameter of 23 mm. The front
surface of the lens is 22 mm away from the trap center. Although the
large lens would allow to collect about 5.7% of the fluorescence light
the clipping by the electrodes reduces this value. An estimation of the
solid angle can be done in spherical coordinates, by integrating over
A6 = 25.5° and A¢ = 55.2°, which results in 3.4% for the percent-
age of the collected light. Since this does not take the circular cross
section of the lens into account the actual value is even smaller.

The objective for the top camera is placed outside the vacuum, which
results in a larger distance between objective and the trap center.
The percentage of collected light is therefore smaller than the over-
estimated value for the camera in the horizontal plane. Additionally,
one needs to take the bandpass filters (model FGUV11 from Thorlabs,
80 % transmission at 313 nm) into account. These filters are mounted
on the cameras to reduce the detection of stray light. In summary one
ends up with less than 1% of detected light at each of the cameras.
For the camera in the horizontal plane this value decreases further,
since only a part of the resulting fluorescence signal is used for the
camera.
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The other part of the signal is guided to a commercial photomultiplier
from Hamamatsu (model H12386-210). The signal is then fed to a
Time-to-Digital-Converter (TDC), which is able to measure the ar-
rival time of the photomultiplier signal with precision in the ns range.
By triggering the TDC with the RF frequency of the trap one can
therefore measure the time of arrival of individual photons within a
time interval defined by the RF frequency. This can be used to mini-
mize the micromotion of the trapped ions (see section 4.3).

2.8 Experiment Control via Python 3

The coordinated interaction of the various experimental devices is a
crucial part of any precision experiment. Therefore it is indispensable
to control the complete setup with all its components from one control
instance. In order to do that a highly scalable and modular control
software has been developed.

The right choice for the programming language for software develop-
ment can make things easier. Python 3 is a modern programming
language which is easy to handle and serves a wide range of applica-
tions, for instance:

e data analysis: the analysis of the SIMION potential arrays in
the present manuscript is done with Python 3, using the numpy
package

e plotting: all the figures in this manuscript are done in Python 3
and Blender, a Python based render engine

e hardware: the various measurement and control devices used in
the experiment presented here are represented in a basic hard-
ware abstraction layer implemented in Python 3, partly using
the ctypes package to interface with ¢ and c++ libraries

e graphical user interfaces (GUI): the front end implemented to
control the experiment presented here is written in Python 3

Since the software had to be written from scratch there was freedom
of choice for the programming language, and Python 3 is an appropri-
ate trade-off between simplicity and capability. When designing the
overall structure of such a software one should always try to keep the
software architecture as clear as possible, while maintaining modular-
ity in order to provide scalability and extensibility regarding hardware
devices and measurement work-flow.

The software developed for this experiment is based on the object-
oriented character of Python 3. The general scheme can be seen in Fig.
2.31. Each included device is represented by a separate class. This
has the advantage that the functionality of each device can be tested
individually. The methods for communication between the computer

photomulti-
plier

choice of
software

object
oriented
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Figure 2.31: The hierarchy of the code for the experiment control.
and the device in question are all collected in that class.
communica- Note, that different devices may use different communication proto-
tion cols. The devices interfaced during this PhD project are mainly con-
protocols trolled via the VISA package of python, which bundles severall com-
munication protocols. Exceptions are the digital to analog converter,
the Red Pitaya, the cameras and the wavemeter. The last two are
controlled by dynamic link libraries (DLL) which are written in C++,
and can be accessed using the ctypes package of Python 3. In Tab.
2.4 the devices interfaced during this PhD project are listed, together
with the used communication protocol.
device H purpose ‘ communication via
AgilentTech DSO1024A RF frequency monitoring VISA
Andor Cameras imaging ATMCD32D.DLL
HighFinesse WSO07 frequency monitoring and locking wlmData.dll
Keithley 2231A 30 3 Be oven and e-gun current VISA
NI PCI6703 DAC DC voltages output PyDAQmx
NI PCI6010 ADC DC voltages input PyDAQmx
Red Pitaya RF frequency SCPI access
SPC ion pump pressure VISA
Thorlabs piezo controller wavelength of the fiber laser VISA
Table 2.4: The various interfaced devices , their purpose and the com-
munication protocol used. The cameras and the wavemeter are inter-
faced via dynamic link libraries (DLL).
software Once the interaction with the device is tested, an instance (also called
architecture object) of the class is created in the main program. The main pro-

gram bundles instances for each device. Within the main program
new methods can be implemented, which for example access different
devices simultaneously. Many needed methods expand over a certain
time interval, for example ramping of voltages or the detuning of a
laser. Since it is crucial to perform tasks simultaneously, it is impor-
tant to use concurrency. The developed software uses the Python 3
package threading for that. Another vital part is to make the con-
figuration of a certain experiment persistent by using configuration-
files. This way the configuration of a measurement can be saved and
reloaded to repeat. In the present version of the software this is done
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by simple .tzt files, which are automatically provided with a timestamp
within the name of the configuration-file. In that way the recorded
data can be linked to the corresponding configuration-file, in order
to have the experimental parameters available when interpreting the
data.

In principle the experiment can now be controlled by calling an in-
stance of the main program, but it is not very pleasant to operate an
experiment within a terminal. Therefore a GUI must be implemented.
Here severall options are available, like for example the TkInter pack-
age for Python. The usage of TkInter is a tedious work, since the
layout, positions of buttons, and other details must be implemented
by writing the code by hand. In addition one often ends up with a
code where the main program and the instructions for the GUI are not
clearly separated. A better solution is to use Qt-Designer. This is a so
called what-you-see-is-what-you-get tool, which allows to compose a
GUI quickly and easily. The drawback is that Qt-Designer is intended
for C++, but the code for the GUI can be automatically translated to
the corresponding Python bindings of Qt by using the Python module
pyuicd.

As a final step an executable has to be implemented, which connects
the methods of the main program with the GUI. Following this ap-
proach one ends up with a software which clearly separates the in-
terfacing of the various devices from the tasks one wishes to execute
and the GUI. This makes the code easy to modify or extend, while
maintaining it readable, which is important if more than one person
is supposed to perform changes.

The complete code for the experiment control can be found on GitHub
via XCon_02, and the next release, XCon_03, will be available in the
near future.

GUI

final
step

GitHub
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Chapter 3

Cooling Trapped Ions

~ 5500000000000 K Large Hadron Collider at CERN
~ 100000000 000K Supernovae
5000 - 15000000 K The Sun
95 - 397K The Moon
~ 2.7K Outer Space
~ 0.01K Coulomb Crystals
0.0000001 K Bose-Einstein Condensates

Temperatures of different objects.

As motivated in the introduction in section 1.2, cooling of the trapped
HJ ions is indispensable. Since the Hj ions cannot directly be laser-
cooled sympathetic cooling via Be™ ions is applied. The Be™ cooling
transition used in this experiment requires a laser at 313nm with a
linewidth of 2 MHz or less and a few mW of optical power.

Over the last decades ion trapping and cooling became a very active
field of research, so that nowadays multiple technological solutions
exist to provide suitable light at 313nm. Many of them include the
production of light at 626 nm and the subsequent frequency doubling
in a bow-tie cavity.

This chapter is structured as follows: In the first section Doppler-
cooling is reviewed. This allows to evaluate what requirements the
laser source should meet.

During this PhD project different approaches were followed to provide
light at 626 nm, and the results are presented in the second section.
The frequency doubling to 313nm is achieved in a bow-tie cavity,
which is also presented in section two.

The last section gives an overview over the remaining three laser
sources which are needed to probe the v =0, L =2 v =1L =2
two-photon transition in Hy .

49
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3.1 Doppler Cooling

In order to perform precision spectroscopy on free particles the Doppler
broadening of the transitions needs to be reduced. This broadening de-
pends on the random thermal velocities of the particles. The particle
speed probability distribution is the Maxwell-Boltzmann distribution,
and depends on the mass of the particles and the temperature of the
gas. At the top left of Fig. 3.1 the Maxwell-Boltzmann distribution is
shown for Be at different temperatures. With a mass of mg, = 9 amu
beryllium is a light particle, and even at room temperature highly
mobile.

The trap depth of a linear Paul trap is in the range of a few eV.
Together with the fact that the beryllium atoms are provided by an
atomic oven one can therefore expect to find trapped Be™ ions at tem-
peratures of up to a few thousand Kelvin.

Laser cooling allows the reduction of the random thermal velocities
by using radiative forces. First experiments to quantitatively inves-
tigate radiative forces of light on macroscopic objects go back to the
beginning of the last century [56]. The idea to use optical pump-
ing between atomic levels to cool was first proposed by A. Kastler in
1950 [57]. With the rise of narrow linewidth lasers D. Wineland et al.
demonstrated in 1978 the first laser cooling of trapped ions [58].
Tunable laser sources allow to cool trapped particles over a wide tem-
perature range. Doppler cooling takes advantage of the Doppler effect,
which states that the frequency seen by a moving particle is shifted
depending on its velocity,

=1 (1—%;), (3.1)

where k is the wavevector of the incident light and v the velocity of
the particle.

Together with the Maxwell-Boltzmann distribution for the velocities
of the trapped particles this leads to an expression for the Doppler-
broadening of the spectral lines of atomic transitions,

1 fo—= 1?7 . kT
p(f) = \/%Uf exp [_%] with o = %fo‘ (3.2)

At the top right of Fig. 3.1 the relative Doppler-broadening is plotted
as a function of the temperature for transitions in beryllium and the
hydrogen molecule. At room temperature the relative broadening A//¢
for transitions in beryllium is 4.7 - 1076.
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Figure 3.1: Top left: The Maxwell-Boltzmann distribution for Be™
ions at different temperatures. Top right: The relative Doppler-
broadening as a function of the temperature. Bottom left: The
Doppler-broadened transition line for *Syj5 <+ *P3, in Bet at dif-
ferent temperatures and a red-detuned laser at different detunings.
Bottom right: The Maxwell-Boltzmann distribution for Be™ at dif-
ferent temperatures. Depending on the detuning a narrow-linewidth
laser addresses different velocity classes.
The Sy /9 <+ 2P3/5 transition in beryllium has a frequency of example
957396 616.6 MHz and a natural linewidth of 19.4 MHz [59], and is a transition

commonly used transition for Doppler cooling. At the bottom left of
Fig. 3.1 the Doppler-broadening for this transition is shown at differ-
ent temperatures T, = 2K, T = 0.5 K and 7, = 0.05 K.

In order to cool an atomic vapor efficiently, a tunable, narrow-linewidth
laser is required. This can be understood by taking a look at the bot-
tom right panel in Fig. 3.1, where the Maxwell-Boltzmann distribution
is shown for T, T and T,. The initial temperature of the vapor is
assumed to be T, = 2K, and a laser with a linewidth of ~ 2MHz
and a detuning of A; = 145 MHz acts on the particles with a speed of
~ 45m/s. This causes a depletion of the velocity class around =~ 45 m/s.
Note, that in the case of trapped ions, the Coulomb interaction results
in cooling of all the faster particles as well. After thermalization most
of the particles are in velocity classes slower than ~ 45m/s cooling is

tunable laser
and velocity
classes
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laser

atom

not efficient anymore. By successively changing the detuning of the
laser from A; = 145 MHz to As = 15 MHz, slower and slower veloc-
ity classes in the distribution are addressed, leading to smaller and
smaller temperatures.

For a quantitative understanding of Doppler cooling a simple model is
investigated. A thorough investigation of atomic motion in laser light
can be found for example in the Les Houches lectures of C. Cohen-
Tannoudji [60].

The incident laser is modeled as a monochromatic plane wave, char-

acterized by its frequency wp, its wavevector kr, and the amplitude
E

Y

E(r,t)=F cos|wrt + krr]. (3.3)

The atom is modeled as a two level system, with a dipole transition
frequency w4 and natural linewidth I'.

In Fig. 3.2 the interaction between the laser light and the atom is
illustrated.

@
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Figure 3.2: A sketch to illustrate Doppler cooling.

Part (1) depicts the atom moving in the 2 direction with a velocity v,
and the incident laser beam with a wavevector k; being antiparallel
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to the velocity of the atom. (2): The absorption of a photon results in
the reduction of the atomic velocity. 3): The direction for the emitted
photon is randomly distributed. The repeated absorption and emission
slows the atom down.

The friction force acting on an atom with velocity v due to a detuned
laser beam can be written as [60]:

r Q% /2
F(’U) = hkLFsc = hkL— 2 > o2
2 (Aw—kp -v)" + T2+ %/

, (3-4)

where (1 is the Rabi frequency, Aw = wy — wy the detuning of the
laser and —k, - v the Doppler shift. Additionally the scattering rate
I'y. was introduced, which will be useful later. The Rabi frequency
can be expressed as [61]

1

Q3 =T
2 Isat7

(3.5)

with the intensity I = 1/2 - ce |E|* and the saturation intensity I, =
g:;é Since we assume the atom moving in the Z direction and the
propagation of the laser beam being orientated in the opposite di-
rection one can write —krv = krv. In the following we consider
this one-dimensional situation. The top of Fig. 3.3 shows the friction
force as a function of the Doppler shift kv for different detunings Aw.
Note, that the force is negative, since it is opposed to the direction of
the velocity of the atom. A value of kv = 1I'" can be assigned to a
velocity of & 6 /s of the beryllium ions. For a detuning of Aw =T the
extremum of the friction force F, acts therefore on the velocity class
with &~ 6™/s, exerting a friction force of &~ —8.6 - 107?° N. Depending
on the detuning different velocity classes are addressed.

To gain more insight into the dynamics of the friction force one can
expand the expression in eq. (3.4) around v = 0, leading to

F.(v) = F.(v=0)—av+ 0O (v?), (3.6)

with the so called friction coefficient

S Awl
= —hk? : 3.7
(6% L(S—|—1>2 Aw2+r2/4 ( )
The parameter s = A:?jﬁg 7 is called the saturation parameter. At the

bottom of Fig. 3.3 the friction coefficient is plotted for three different
intensities [y = 2/s, Ip = Lo and Io = /2 14

friction
force

friction
coefficient
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Figure 3.3: Top: The friction force F, for different detunings as a
function of the Doppler shift. Bottom: The friction coefficent o for
different intensities as a function of the detuning. For more see text.

One can see that the position of the extrema in a depend on the
intensity, and one finds

r 1
Awy s (I) = iQ—\/gm 1l (3.8)

which, for Iy = 21,4, simplifies to Awy /o (14) = £8'/2. The correspond-
ing maximum value for the friction coefficient is then e, (14) =
/4 hk? .

Using the equation of motion mp.0 = —na:(L4)v one finds that the
velocity of the atom is damped exponentially with the damping rate
to be

Oémax(IA) ER
— mer\A) TR 3.9
gt o 57 (3.9)

where Er = ;jji is the recoil energy a Be™' ion experiences when it
absorbes one photon. The characteristic damping time is therefore
vt =1.4pus.

To find the minimum temperature achievable with Doppler cooling an
expression for the cooling and heating rates need to be found. In the

following we assume kpv, < I'. Using the expression for the cooling
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force in eq. (3.6) one can write the equation of motion mo = —aw.
Multiplying both sides with © gives an expression for the kinetic energy
K of the particle, and the cooling rate is:

. )
Kcooling = maK (310)

For a red-detuning the friction coefficient is positive, and the ion will
lose kinetic energy. For the heating rate one has to consider that with
each photon absorbtion or emission the ion gains the recoil energy Ep.
Therefore one can write by using the scattering rate I'y. defined in eq.
(3.4):

Kheating = 2FrT se- (3.11)

At equilibrium cooling and heating rates must be equal but with the
opposite sign, —Kcopting = Kheating- Evaluating this expression leads
to the minimal energy at thermal equilibrium,

21 + (T2 + 4Aw?) - Ly

K =—h
16Aw[sat ’

(3.12)

which is only depending on the intensity I of the cooling laser and
the detuning Aw. For small intensities / — 0 and a detuning of
Aw = —TI/2 one finds the Doppler temperature to be

hI’
= — 1

D
which is only depending on the linewidth of the cooling transition.
For I = 21,4, this temperature limit is two times larger. For the
%Sy /9 <> *P3o transition in Be' one obtains Tp([se) = 0.47mK and
Tp(21se:) = 0.93mK.

3.2 Cooling Lasers at 313nm for Beryl-
lium Ions

Figure 3.4 shows the Be" energy levels. The electronic configu-
ration is 1s?2s!, and the spin of the nucleus is I = 3/2, resulting
in a hyperfine splitting of vyrs = 1.25 GHz between F' = 1 and
F = 2 for the Si/ state, and smaller splittings of about 1 MHz

atomic
transition
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Figure 3.4: Be™ energy levels and relevant transitions.

from FF = 0 to FF = 3 for the P states. The transition we are
interested in is ?Sy;2(F = 2) <> 2Py, with a corresponding fre-
quency of fp. = 957397084.8 MHz [59] and a natural linewidth of
', = 19.4 MHz.

The excited 2P3/2 state can decay into both hyperfine levels of the
ground state. One solution to close the transition cycle is the im-
plementation of a second laser with a detuning of 1.25 GHz. In the
experiment developed during this thesis the repumping is realized with
a resonant electro-optical modulator. Another solution is the usage
of optical pumping by o or ¢~ polarized light and a B field parallel
to the laser beam, such that only the transition 231/2(F =2 mp =
+2) <> ?Py/o(F = 3, mp = £3) is driven [62].

While designing the laser source for such a cooling cycle one needs to
keep the initial temperature of the ions in mind and the tuning range
should cover this. A detuning range of a couple of GHz is sufficient to
address all the particles well in the Maxwell Boltzmann distribution
of the particles. The requirements are therefore:

e a wavelength at 313.133 nm

e a power output and focalisation reaching the saturation limit of
Lot = 0.83 mW /mm?

a detuning range of up to 3 GHz
a linewidth of < 2 MHz

Producing light with these properties is not straightforward, since laser
sources directly emitting at this wavelength do not exist. Therefore
a couple of different solutions were developed in the last years, which
can be divided into expensive high power sources and less expensive
low power sources.
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e high power sources: One solution is the second harmonic gen-
eration (SHG) of a dye laser at 626 nm [63], which is demand-
ing concerning the stabilization. Another solution is the sum
frequency generation of 626 nm light, based on fiber lasers at
1550 nm and 1051 nm, and thereafter SHG [64]. This very sta-
ble approach was used in the experiment presented here and is
explained in section 3.2.2. Lo et al. reported in 2015 for a sim-
ilar setup an overall production of up to 2.4 W at 313nm [65].
A further high power and stable implementation is based on the
frequency quintupling of a laser at 1565 nm [66].

e low power sources: These are based on commercially available

laser diodes which are emitting between 635 nm and 637 nm. By
cooling these diodes down to —20°C - —40°C the wavelength
can be pushed down to 626 nm and the diodes are usually oper-
ated in the Littrow configuration [67, 62].
As part of this thesis a DBR diode laser in a master slave configu-
ration was developed in collaboration with the Vrije Universiteit
Amsterdam and the Johannes Gutenberg-Universitat in Mainz
(see section 3.2.1). In addition another idea was followed, by
implementing an external cavity diode laser (ECDL) with an in-
terference filter, following the idea in [68]. Here the cooled diode
and a tunable coupling present a novelty.

Following the creation of light at 626 nm a frequency doubling cavity
with a BBO crystal is used to generate the desired light at 313 nm.
The cavity used in this experiment is explained in section 3.2.3.

The master-slave setup for the DBR diode is currently operated at
the group of L. Guidoni at Paris 7 in order to detect sympathetically
cooled beryllium ions in a strontium ion crystal. The same setup is
used at the Universitat in Mainz for Be™ /Cat sympathetic cooling
experiments. The ECDL configuration is more demanding for stabi-
lization and the testing of different diodes is still ongoing.

3.2.1 DMaster Slave System

As noted before the ?Sy/o(F = 2) <+ *Pj/o transition in beryllium
needs a tunable, high power and narrow linewidth continuous wave
laser in a frequency range, which is not covered by commercial prod-
ucts.

In Fig. 3.5 one can see an overview over the master-slave setup for the
DBR laser diode. The master laser consists of a Distributed Bragg
Reflector (DBR) diode laser (see below), and after some beamshap-
ing the output is divided into two beams, one which can be used to
monitor the frequency of the master and one for injection locking of
the slave laser. The slave injection is done via a double stage optical

fre-
quency
doubling
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DBR
as master

Figure 3.5: Setup of the master slave setup with optical elements. The
fiber port (1) is to monitor the master frequency, 2) is for the injection
of the master laser into the slave via a double stage optical isolator,
and (3) goes to the frequency doubling cavity.

isolator. This way the complete output of the slave laser is available
for frequency doubling in a bow tie cavity, ~ 150 mW at 626 nm before
injecting into the fiber and about 70 mW in front of the cavity. This
transforms to approximately 1 mW of light at 313 nm.

In the setup presented here a Distributed Bragg Reflector (DBR) diode
laser based on AlGalnP is used as master laser [69]. The designers
of this diode had cooling of Bet in mind. The structure of a DBR
is layered, such that the different layers act as an internal grating.
This makes the ECDL tuning problems for the grating in the Littrow
configuration obsolet. In order to reach the desired wavelength the
DBR diode needs to be cooled, for which reason the diode comes with
a Peltier element, in a standard TO-3 package and is mounted on a
watercooled, custom made brass mount (see Fig. 3.6, top right). To
collimate the beam a Thorlabs zy translation stage with a collimation
lens is mounted directly in front of the DBR diode.

The characterization of the DBR can be seen in Fig. 3.6. The detuning
range without a mode jump is at —8.6 °C around gy = 626.265 nm
approximately 20 GHz, which is more than required.

The power output for this choice of parameters is around 35 mW. At
the bottom right of Fig. 3.6 a beatnote measurement of the DBR
with a fiber laser is shown, which consists of 25 individual measure-
ments. Since the DBR was free running this resulted in a shifted
center frequency of the beatnote for each mesurement. To obtain the
data which is shown the dataset of each measurement was first fitted
with a Lorentzian to determine the line center and then shifted to a
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Figure 3.6: Top left: The emitted frequency around fgss = 626.265 nm
depending on the injection current. Top right: Design of the DBR
mount. Bottom left: The emitted power as a function of the current.
Bottom right: Beatnote with a fiber laser and a Lorentzian fit.

common position. After averaging the data again another Lorentzian
fit was done, resulting in a beatnote linewidth of 0.7 MHz. Since the
fiber lasers are much narrower (below 100kHz), this width can be
fully attributed to the DBR laser, and results in a width of 1.4 MHz
at 313 nm after SHG.

The ECDL setup is shown in Fig. 3.7. The laser diode and the ECDL
collimation lens are mounted on a double stage Peltier element in a as
waterproof box and operated around —20°C. The wavelength selec- master
tion is done by an interference filter instead of a diffraction grating,

following the design in [68], which is less sensitive to misalignment

than the Littrow grating arrangement. The novelty as compared to

the design in [68] is that the setup presented here includes a waveplate

and a polarizing beam splitter cube, which allows for a tuning of the

feedback ratio and output power.

Two different setups were investigated, in order to get the highest
output while keeping enough feedback to have a stable behaviour.



60

Chapter 3. Cooling Trapped Ions

waterproof cold collimation lens and mirror

brass enclosure diode lens in cateye configuration
feed- % \ J\‘

throughs

\\-".DIL‘:". -

double stage M2 wave-  beam split- filter
Peltier element plate ting cube

Figure 3.7: The ECDL laser in the A/2 configuration. For the /4 con-
figuration the beam splitting cube and the waveplate change position.

The first implementation is shown in Fig. 3.7. The output of the
diode is split directly after into two beams, using a */2 waveplate and
a polarizing beam splitter cube. The output is available after the
cube, while the beam for the feedback passes the filter and is reflected
back to the diode. In the second configuration the diode-output is
completely passing the beam splitting cube and then a /4 waveplate.
After the filter and the reflection on the mirror a part of the beam is
coupled out by the cube, while the other part is used as feedback for
the diode. To compare the two setups the Jones calculus [70] is used,
which describes the behaviour of polarized light. The Jones matrices
for the transmission and the reflection of the beam splitting cube and
the mirror are

10 0 0 -1 0
qube,t = <O O) s qube,r = (0 1) and Jmirror = ( 0 _1) >

(3.14)

and for the waveplates in their eigenbasis

—i 0 1 (1—i 0
JA/2=<0 Z) J)\/4:E(O 1+z’)' (3.15)

To take the rotation of the waveplates regarding the eigenaxis of
the cube into account, the rotation matrices Jr(—0) and Jg(f) are
used. The total Jones matrices for the */2 system can then be written
as
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Ji?g’feedback(g) - j)\/Z(Q) : qube,t . Jmirror : qube,t : <7)\/2(9) (316)
‘]f\(;g,output(e) = ‘]CUbCJ’ : J/\/2(9>7 (317>

and for the A4 system

Jf\(;tzl,feedback(g) - qube,t . j;\/4(9) : Jmirror : <7)\/4(9) : qube,t (318)
Jﬁc;a,output(Q) - qube,r : J/\/4(0) ' Jmirror ' J)\/4(0) : qube,t (319>

with j,\/n = Jr(=0) - Ja/m - Jr(6). This leads to analytic expressions
for the intensities of the feedback and the output of the system,

[)\/2,feedback = Praz Sin2 [29] and I)\/2,output = Praz 7]2 COS4 [29]
(3.20)

I)\/4,feedback = Pmam 772 Sin2 [29] and I)\/4,output = Pmam 772 C082 [29] )
(3.21)

with P4 being the output power of the diode laser and n ~ 0.8
the transmission coefficient of the filter. At the top of Fig. 3.8 these
intensities are plotted as a function of the waveplate angle. At the
bottom left the measured data is plotted for the %/2 configuration,
with the diode current as parameter, ranging from [z,qc = 55 mA to
130mA. The curves fit well with eq. (3.20) if an offset angle A® is
introduced. For a small feedback and the highest current one obtains
~ 70mW of red light at 626 nm. The small shift of the symmetry
axis in the plot by A© = 2° can be attributed to the not perfectly
aligned eigenaxis of the laser diode and the eigenaxis of the beam
splitting cube, since it is difficult to position the small diode at the
ideal angle.

Operating the laser diode in a stable regime does not require a big
amount of feedback. In Fig. 3.8 at the bottom right the output power
is plotted as a function of the feedback, using equations (3.20) and
(3.21). For a small feedback the %/2 configuration delivers a higher
output, while for a higher feedback the */4 configuration delivers only
a little bit more power. This changes depending on the transmission
of the used filter. For a very high transmission of n ~ 1 the
configuration would give a higher output at the same feedback, but
due to the 80% transmission of the used filter the */2 configuration
leads to a higher power output, since the output beam is not absorbed
twice in the filter. In summary one can say:

e The ECDL output power is high enough to perform SHG and
use the light at 313nm with ~ /4mW as repumping beam or
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Figure 3.8: Top: The feedback (dashed lines) and output intensities
(solid lines) for the two different configurations from eq. (3.20) and
(3.21). Bottom left: Fitted measurement of the power output for
the configuration with the /2 waveplate. The first ten curves (from
bottom to top) correspond to diode currents from 55 mA to 100 mA in
steps of 5mA, and the last three are for 110 mA, 120 mA and 130 mA.
Bottom right: The output intensities as a function of the feedback.

Doppler cooling beam. The power of the ECDL alone is not high
enough for SHG and Doppler cooling.

e The ECDL shows less stable behaviour compared to the DBR
diode laser, making the operation more challenging.

e The fact that laser diodes at 633nm are commercially avail-
able makes the ECDL setup a cheaper solution than for example

the usage of an electro-optical modulator to generate repumping
sidebands.

For the slave laser a commercial GaAs laser diode Opnext HL63133DG
is used. This diode operates at room temperature at ~ 635nm and
needs to be cooled down to —30°C to operate at 626 nm. In order
to avoid condensing a hermetic enclosure was designed, which can be
water cooled and is shown in Fig. 3.9.

The diode itself is mounted into a custom made aluminum cube, in-
cluding the collimation lens. The aluminum cube is placed on a Mar-
low NL2063T double stage Peltier element, which is glued to the brass
enclosure. Since the housing must be airtight, all the openings are
designed keeping this in mind. The electrical DB9 connector is wa-
tertight, and an O-ring is used in between the brass enclosure and
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Figure 3.9: The hermetic enclosure for the slave laser and collimation
objective.

the cover. The window for the exit of the laser light is glued with
Araldite and mounted with a small angle to ensure no backreflections.
The brass enclosure also has two openings to apply water cooling via
a chiller.

In Fig. 3.10 beatnote measurements of the free running slave and the
injected slave with a fiber laser are shown. The injection narrows the
linewidth from 33.6 MHz down to 0.7 MHz, the linewidth of the DBR
master laser.

3.2.2 Fiber Laser

A reliable and easy to maintain, but expensive source for 626 nm light
is sum frequency generation with two fiber lasers at 1051 nm and
1550 nm, as originally developed at NIST [64]. The setup is shown
in Fig. 3.11.

The first laser (fl-1) is a NKT fiber laser, which delivers up to 10 mW
at 1051 nm and is subsequently amplified in a NKT fiber amplifier
(ampl-1), resulting in up to 4.5 W. The second fiber laser (fl-2) is also
a NKT product, producing 45 mW at 1550 nm which are also amplified
(in ampl-2), delivering up to 5.25 W. The settings used to obtain the
results of the next chapter are shown in table 3.1, where the pump
current of both amplifiers is set to 4.5 A.

In order to take the light from the two amplifiers to the optical table
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Figure 3.10: Left: Beatnote of the free running slave laser with the
fiber laser output and a Lorentzian fit. Right: Beatnote of the injected
slave laser with the fiber laser and a Lorentzian fit.

H fl-1 ‘ ampl-1 H -2 ‘ ampl-2
wavelength 1050.892 nm 1549.950 nm
output power || 10 mW ‘ 2.0W | 10mW ‘ 1.3W

Table 3.1: Settings for the fiber lasers

polarization maintaining fibers are used. The output collimators de-
liver beams with a 1/e> diametre of 2mm. The light exiting these two
fibers is combined using a longpass dichroic filter (model DMLP1180
from Thorlabs), with a reflectivity close to 1 for the 1051 nm light
and a transmission of > 0.95 for the 1550 nm light. Thereafter the
combined beams are sent to a PPLN crystal from Covesion. The di-
mensions of the crystal are 40 mm x 10mm x 0.5mm (I X w x h) and
the input and output facets are AR coated with a reflectivity of less
than 1% for light at 626 nm, 1051 nm and 1550 nm. The PPLN crystal
is placed in an oven, which is heated to 173.52°C. This temperature
is chosen to optimize the sum frequency generation efficiency. The
626 nm output is coupled into a fiber for a convenient guiding to the
cavity (see below).

3.2.3 Bow Tie Cavity

The cavity used in this experiment is similar to the one used in [62]
and [71], and was designed by F. M. J. Cozijn et al. in Amsterdam.
Similiar to the recent publication by Schmidt et al. the cavity consists
of one monolithic block in order to minimize mechanical instabilities
[72]. In Fig. 3.12 the complete setup for the generation of 313 nm
light including the repumping beam is shown.

The red 626 nm light is brought to the setup by a fiber, having the
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Figure 3.11: Setup of the two fiber lasers for the sum frequency
generation of 626 nm light. The focal lengths of the lenses L; are:
fro, = —=50mm, fr, =60mm, fr, = 125mm and f7, = 200 mm.

advantage of being able to quickly change between the master-slave
setup and the fiber laser setup as a source of light. Thereafter the two
lenses fr, = 35cm and fr, = 50cm modify the beamsize to fit the
cavity beam profile. A small part of the 626 nm beam is coupled into
another fiber, in order to monitor the frequency with a wavemeter.
The cavity length is stabilized by using the Hansch-Couillaud scheme
[73], which uses the reflection of the incoming beam to apply feedback
to a piezoceramic actuator, which is mounted behind mirror M3. The
repumping beam with a detuning of 1.25 GHz is provided by a resonant
EOM developed by QUBIG, which is designed for this purpose.

The core of the frequency doubling cavity is a 12 mm long, Brewster-
cut Beta-Barium-Borate (f—BaB20O4, BBO) nonlinear crystal for sec-
ond harmonic generation (SHG) of 313 nm light. In order for the SHG
to be efficient, the wavevectors of the fundamental and second har-
monic beam must fulfill the phase-matching condition k313 = 2kga6,
otherwise destructive interference minimizes the efficiency of the crys-
tal. However, chromatic dispersion causes a phase mismatch between
the wavevectors. In order to overcome this problem one can take
advantage of the birefringence of the BBO, which causes different re-
fraction indices for the ordinary and extraordinary polarizations. By
choosing an appropriate angle ©,,, for the beams with the optical
axis of the crystal, the phase-matching condition can be satisfied. For
the SHG with 626 nm the phase-matching angle is ©,,, = 38.4° [72].
However, one problem in a birefringent crystal is the resulting angle
between the Poynting vectors of the fundamental beam and the sec-
ond harmonic. This angle is called walk-off angle, and for the present
case has a value of p = 4.6° [64]. It leads to a walk-off parameter

phase
matching
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Figure 3.12: The bow-tie shaped enhancement cavity.

B = ¢/2+/I.k which is large for BBO. This strong walk-off requires a
small focus of the beam inside the crystal, in order to maintain an
overlap between the fundamental and the SHG beam.

In order to minimize losses of the fundamental beam due to reflec-
tion at the transition air-crystal, the BBO is Brewster-cut for the
fundamental beam. For 626 nm in a BBO crystal Brewster’s angle is
O©p = arctan [ng] = 59.05°, with ng being the index of refraction for
the fundamental beam.

The SHG power generated in a BBO is proportional to the square
of the fundamental beam intensity if the pump depletion regime is
not reached. A smaller waist of the fundamental beam in the crystal
increases the intensity at the focus, but reduces the intensity away
from the focus. Using the Boyd and Kleinman model [74] one can find
an optimum focusing ratio lc/» = 2.84, with the crystal length /. and
the confocal parameter b = w2k, where k = 27/x. For a crystal length
of [, = 12mm one obtains an optimal waist of wq &~ 20.5 ym.

The single-pass conversion efficiency of a BBO crystal is typically <
0.01%. To enhance the power output a bow-tie cavity is build around
the crystal. Once the optimum beam waist is found, one can design
a cavity which provides this waist. This waist inside the crystal is
determind by the curvature of and the distance between the mirrors
M; and M, (see Fig. 3.13).

The behaviour of a Gaussian beam in the cavity can be analyzed
using the ABC'D matrix formalism. A Gaussian beam is described
by the complex parameter ¢(z), which is connected to the real beam
parameters R(z), the radius of curvature of the beam, and w(z), the
waist of the beam, by the relation [50]
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Figure 3.13: Layout of the bow-tie cavity with relevant geometric
parameters. Values for the beamwaists can be found in table 3.2.

1 1 . A
) " RE) mmei(e) (3.22)

The propagation of Gaussian beams through different optical elements
is then described using the A BC D-matrix formalism. The ray transfer
matrices are applied on the ¢ parameter

A B Aqgo+ B
M = g =0T 2
(C D) "= Cw+D (3.23)

where ¢y is the initial value and ¢; the one found after propagation
through the optical element(s) described by the matrix M. For stable
operation the ¢ parameter of the beam must be the same after one
roundtrip in the cavity, such that ¢y = ¢;. This condition leads to an
expression for the beamwaist

wo = | =/~ Ble. (3.24)
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The geometry of the cavity is shown in Fig. 3.13. For the investigation
of this cavity three different kind of ray matrices are needed:

wa@ = (3 §)omee) = (5 0))

and M, (f) = (_} " ?) . (3.29)

where M ,(d) describes the propagation of the beam for a distance d,
M . ("1/n;) the effect of passing through a dielectric plane with refrac-
tion indices ny and ny, and M ,,(f) a thin lens or mirror with focal
length f. Chosing the center of the crystal as a starting point, the
complete effect of the cavity can then be written as

Mior =Mp('/2) - M (*/nc) - Mp(14-1)f2) - Mo (f) - Mp(1 — d)
My (f) - M((=10))2) - M (ne/1) - My (le/2). (3.26)

Because of the angle a (see Fig. 3.13) of the mirrors with respect
to the beam, the focal lengths for the mirrors need to be corrected,
which leads to different waists in the sagittal (the plane defined by the
beampath in the cavity) and tangential plane (perpendicular to the
sagittal plane). These corrections are

ro 1
2 cos [a]

fsag = and [y, = gcos [a] . (3.27)

Additionally, in the tangential plane, the astigmatism compensation
due to the Brewster cut needs to be taken into account. This leads to
a modified matrix for the transition between crystal and air and vice
versa:

Mr(nl/”Q) — MBrewster(nl/n2) = <n26n1 "%?7@) . (328)

The top of Fig. 3.14 shows the dependence of the beam waists wy,
and wy p of the distance d in between mirrors M; and My in the sagittal
and tangential plane. The cavity is operated at a distance d = 40 mm.
The resulting values for the waists can be seen in table 3.2.

Since the power of the SHG increases quadratically with the power of
the fundamental beam, the power at 313 nm increases strongly with
the build-up in the cavity. The build-up in a cavity can be calculated
by using [75]
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T2 P626

P = U UmR? + ARk sn? 7]

(3.29)

where T3 and R, are the transmission and the reflectivity of the incou-
pling mirror My, R = (1 — Lp)(1 — Lyg) with Ly being all the linear
losses in the cavity and Ly, the non-linear losses in the crystal.
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Figure 3.14: Top: The beamwaists wy, (left) and wy, (right) in the
sagittal plane (solid line) and the tangential plane (dashed line) as
function of the distance d between the curved mirrors (relevant pa-
rameters can be found in Table 3.2). Bottom left: Airy function of
the cavity as a function of the detuning of the cavity length in units
of the wavelength for the red light. Bottom right: The doubling effi-
ciency for different total linear losses in the cavity, as a function of the
transmission Ty of the incoupling mirror My. The linear losses range
from L;, = 1.0% (top curve) to L;, = 2.5% (bottom curve) in steps of
0.5 %. The colored area marks the region of the maxima of the curves.

¢ = 2mL/\ is the phase of the fundamental beam after one roundtrip,
with the optical length L of the cavity. At the bottom left of Fig. 3.14
the build up Py, of the cavity is plotted for an input power of 100 mW
as a function of the detuning of the cavity length, and the free spectral
range A\ and the full-width half-maximum d\ are indicated as well.
The finesse of the cavity is given by F = A%sx =~ 184.

The conversion efficiency is defined as € = P513/psy6, and one can find
an implicit expression for the conversion efficiency [76]

efficiency
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In order to couple the complete fundamental power Py into the cav-
ity, the transmission of the incoupling mirror must compensate all the
losses in the cavity. At the bottom right of Fig. 3.14 the conversion
efficiency is plotted as a function of Th, with Ly, = 1.1 -107* and
four different values for the linear losses Ly = 0.010, 0.015, 0.020 and
0.025. Depending on the parameter L; the maximum of these curves
ranges in between T, = 1.1% and Ty = 2.5%. Since it is difficult
in a real setup to estimate all the losses, mirrors with transmissions
Ty = 0.7%, Ty = 1.2% and Ty = 1.8% have been tested. Best results
were obtained for T, = 1.8%. In Table 3.2 the parameters of the cavity
are summarized.

BBO dimensions

Ixwxh=12x 4 x 4mm?3

phasematching angle Opm = 38.4°
Brewster’s angle O©p = 59.05°
radius of curvature M; and My r = 30mm
angle on curved mirrors a=19.5°

(d—le)/2 = 14.6 mm
lroundtrip = 184.9 mm

distance mirror to crystal
geomeric roundtrip length

waist sagittal in crystal wyw = 21.3 pm
waist tangential in crystal wg = 30.9 pm
waist sagittal between My and M3 wyy = 88.7 um
waist tangential between My and M; wh = 92.4 pm

finesse of the cavity F =~ 184

Table 3.2: Parameters of the BBO and the cavity

In Fig. 3.15 the output power of the cavity depending on the input
power is shown. For this measurement the fiber system described in
the section before was used, and a comparison with the results in [64]
shows that the cavity is well matched. We obtain up to 25 mW of
313 nm light for 360 mW of red light in front of the cavity.

3.3 Other Laser Sources in this Experi-
ment

In addition to the cooling laser for beryllium three other laser sources
are required, including the ionization laser for the state selected prepa-
ration of the Hy ions, the spectroscopy laser, and the dissociation laser.
In the following a short overview is given for each of the necessary se-
tups.
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Figure 3.15: Cavity power output

3.3.1 The REMPI Laser

A simple way for Hy ionization is by electron impact ionization, using
an e-gun. However, using this process one ends up with only ~ 1.4%
of the HJ ions in the ro-vibrational state v = 0, L = 2, the ground-
state for the transition from interest [77].

In order to create a higher percentage of the Hy ions in the right ro-
vibrational state, resonance-enhanced multiphoton ionization (REMPI)
is used. The principle of this process can be divided into two parts,
where both parts can utilize one or more photons. First the Hy
molecules are excited by absorption of n photons in an intermediate
state, often a Rydberg state. In the second step the excited molecule is
ionized, using m photons, where the energy of the m absorbed photons
can be higher than the needed energy for ionization. The difference
in energy is then mainly carried away by the free electron in form of
kinetic energy.

The REMPI scheme in this experiment is an (n = 3) 4+ (m = 1) ion-
ization process, with identical wavelength A\ = 303 nm of all the par-
ticipating photons. The feasability of photoionization using REMPI
in Hy was demonstrated in 1984 by Pratt et al. [78]. The probability
for such a 3 + 1 photon transition with an intermediate state after
the absorption of the first n = 3 photons scales as P oc I™™ if the
intensity is below the saturation of the final transition, and scales as
P o I above the saturation of the final transition. Therefore a high
intensity and tight focusing are necessary.

The experimental setup to provide light at 303 nm with a high enough
intensity follows closely the design described in [78] and is explained
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in greater detail in [79]. The setup consists of two commercial lasers, a
pulsed, frequency doubled Nd : YAG laser (from Quantel) as a pump
laser, and a pulsed dye laser (from Sirah) at 606 nm, which is sub-
sequently also frequency doubled. The Nd : YAG laser produces 5ns
pulses of light at 532nm with a 20 Hz repetition rate, producing up
to 160 mJ per pulse. The output of the frequency doubled Nd : YAG
laser is used for optical pumping of the dye, resulting in 16 mJ of red
light at 606 nm for the dye laser, and approximately 4mJ at 303 nm
after the frequency doubling.

This approach should generate up to 90 % of the Hy ions in the vibra-
tional ground state [80], in which 97 % should populate the rotational
state L = 2 [79]. This would lead to a population of 87.3% of the
HJ ions in the ro-vibrational state v = 0, L = 2, which means an
improvement of a factor of ~ 60 compared to the production via elec-
tron impact. The experimental verification for that claim is currently
carried out.

3.3.2 The Spectroscopy Laser

In order to probe the (v = 0,L = 2) +» (v = 1, L = 2) two-photon
transition in Hj with an accuracy of 107'! or better, one needs a
narrow-linewidth, tunable laser source at 9.166 ym. In this wavelength
range two laser sources are available: CO, lasers and quantum cascade
lasers (QCL). While COs lasers exhibit narrow linewidths, extreme
stability and high power, the emission lines do not overlap with the
transitions in Hj (see Tab. 3.3, after [81]). Furthermore, CO, lasers
have only a limited tunability of ~ 100 MHz, such that the transitions
of interest in Hj cannot be reached.

Hy transition (v, J) ‘ CO4 emission line ‘ Sz — Jeos

(0,0) < (1,0) IR(52) —3.08 GHz
0,1) < (1,1) IR(48) 4.37 GHz
(0,2) < (1,2) IR(42) —1.66 GHz
(0,3) < (1,3) 9R(34) —13.62 GHz

Table 3.3: The offset between the transitions of interest in Hi and the
emission lines of a COy laser [81].

QCLs on the other hand are easily and widely tunable over a range of
> 200 GHz, but present a wide free-running linewidth of about 5 MHz.
Therefore in 2007 a laser setup was developed by Hilico et al., which
combines the spectral properties of the CO5 laser with the tunability
of a QCL [82].

The CO, laser is a 1 m long, single longitudinal-mode laser, where the
cavity is closed by a R4, mirror at 9.2 um and a 150 lines/mm grat-
ing in the Littrow configuration. Frequency stabilization of the CO,
laser is done by locking to an intracavity saturated absorption signal
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of formic acid (HCOOH). The small gap of 128 MHz between the COq
laser and the formic acid line is bridged using a 64 MHz double pass
acousto-optic modulator (AOM).

The QCL is a 100 mW single-mode distributed-feedback laser from
AlpesLaser (SBCW496DN) and is mounted in a cryogenic environ-
ment. At 77K it delivers up to 160mW and is tunable between
9.16 pm and 9.24 pm, which translates to 32.73 THz and 32.44 THz.
The tunabilities are 3 GHz/K and 150 MHz/mA.

Subsequently the beatnote between the frequency locked CO, laser,
operating at the 9R42 emission line, and the QCL is produced and
measured at a fast, room-temperature detector. The QCL spectrum
is then phase locked to that of the CO, laser with a 1.7 GHz frequency
offset using an RF synthesizer.

Comparison of the beatnote spectrum of the free-running and the
phase-locked QCL with the CO, laser shows an efficient reduction of
the linewidth of the QCL down to the kHz range, making it suitable
for high-precision spectroscopy of Hj .

3.3.3 The Dissociation Laser

In order to detect if the excitation of the Hj ions by the spectroscopy
laser was successful, the subsequent dissociation by a 213 nm laser is
planned. The signal to measure is then the number of HJ ions, since
the products H and H* will quickly undergo chemical reactions and,
being neutral atoms now, will not be trapped anymore. In addition
the stability diagram (see Fig. 2.12) for the present trap parameters
shows that the high RF amplitude does not allow stable confinement
of ions with mass 1 amu.

The dissociation laser at 213 nm is a commercial laser from Xiton Pho-
tonics (model Impress 213). It consists of a pulsed, frequency quintu-
pled 1064 nm Nd : YVOy, laser, which is pumped by a diode laser, and
is delivered within a compact setup. It delivers up to 170 mW of light
output at a repetition rate of 12.5kHz.

Internally the working method is the following: First a second har-
monic of the Nd : YVOy is generated, which then undergoes a sum-
frequency generation (SFG) with a part of the original beam to create
the third harmonic. Thereafter another SFG is performed with the
third and second harmonic, creating the fifth harmonic. All the non-
linear crystals are placed within the commercial laser device, making
maintenance of the device in principle not necessary.

The characterization of Hj photodissociation at 213 nm is part of the
PhD thesis of N. Sillitoe [32]. There it is shown, that operating the
dissociation laser for 2s results in a dissociation of 74 % of the HJ
ions in the vibrational state v = 1, while only 2% of the ions in the
vibrational state v = 0 are dissociated.

the QCL

phase
locking

Nd : YVO4

laser

fre-
quency
quintupling
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Chapter 4

Crystallized Ions

This chapter summarizes the first results and demonstrates that all the
previously presented parts of the experiment are working as intended.
The first two sections contain a short review over the development in
the field of Coulomb crystals and what parameter settings led to the
first observation of Be™ crystals in our setup.

The third section discusses the minimization of excess micromotion
by exploting the correlation between the fluorescence signal of an ion
string and the RF period.

In the fourth section the magnification of the imaging system is ob-
tained by moving a large Coulomb crystal along the 2z axis and com-
paring the results with results obtained by a SIMION investigation.
The fifth section is dedicated to an analysis of a large, three dimen-
sional Coulomb crystal. The methods presented there allow to esti-
mate the size and number of ions contained in such a crystal. Further-
more, a purity condition is presented, which allows to detect lighter
and sympathetically cooled ions along the nodal line of the RF field.
Section six reasons the necessity of sympathetic cooling to cool Hy
ions, and furthermore gives a short review of the development of sym-
pathetic cooling. It also presents the first evidence for sympathetic
cooling in the setup developed during this thesis.

The seventh section explains how the operation of the trap as a mass
spectrometer helped to find evidence for sympathetically cooled HJ
ions. Moreover, it presents the observation of a large, presumably
purely two dimensional Bet crystal of approximately 300 ions. Ad-
ditionally, the methods from section five are modified and allow to
distinguish between two- and three dimensional crystals by exploiting
the shape of the fluorescence projections. It also shows how the meth-
ods developed in section five allow to locate a single HJ ion in a two
dimensional Be™ crystal of 111 ions. Finally, it presents data for a flat
Be™ crystal with multiple sympathetically cooled Hy ions.

The last section presents a Be™ crystal with two different sympathet-
ically cooled species, a lighter and a heavier one than Be™.

5
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4.1 Coulomb Crystals

Confined and charged particles can undergo a phase transition from a
disordered, gaseous state to an ordered, (pseudo-)crystalline structure
when their potential inter-particle energy exceeds the kinetic energy.
These structures were considered first by Wigner in 1934, treating
the interaction of electrons in metals [83]. The structures are called
Coulomb crystals due to the nature of their dominant interactions.
First observations of this phenomena in Paul traps were reported in
1987 by Diedrich et al. [84] and shortly after by Wineland et al. [85].
In both experiments the trap was loaded with atomic ions (Mg* in
the case of Diedrich, Hg" in the case of Wineland), and thereafter
Doppler-laser cooled, reducing the kinetic energy of the ions.

When applying laser cooling, there is a certain point where the ions
lost enough kinetic energy Ej;, such that the potential energy E,.
between the trapped particles dominates. In that region the particles
form an ordered structure. The condition for crystallization can be
expressed by the ratio of the inter-particle potential energy to their
kinetic energy,

2
ro e _ a . (4.1)
Ekin 47T€OCLWS k?BT
This parameter is also called the plasma-coupling parameter, where
aws is the Wigner-Seitz radius, the radius of the volume element oc-
cupied by one ion. Crystallization occurs for T' > 170 [86]. Together
with a value for the Wigner-Seitz radius a lower limit for the temper-
ature of the particles can be given, before crystallization occurs. For
aws ~ 10 um this temperature is approximately 10 mK.
The shape of these Coulomb crystals depends on the trapping poten-
tial, as well as on the number of trapped ions. The latter effect was
already investigated in the group of Walther in 1992 [87, 88]. With
an increasing number of laser cooled Mg™ ions in a quadrupole stor-
age ring first chains of ions, then zig-zag patterns, helical structures
and finally large three dimensional crystals were detected. Depending
on the shape of the trapping potential also purely two-dimensional
lattices were observed. In linear Paul traps up to 19 Ca™ ions in a
two-dimensional pattern were reported in 2000 [89], while in surface
traps more than 150 Sr™ ions in a purely two dimensional crystal were
observed [35].
For the purpose of the project at hand large ion crystals are desired, in
order to cool as many HJ ions as possible. Simulations for the GBAR
project have also shown the necessity of big ion crystals in order to
capture and cool injected H* efficiently [32]. In 1998 Drewsen et. al
reported the observation of more than 10° crystallized Mg™ in a linear
Paul trap [90]. The crystal consisted of up to ten concentric shells
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around a linear string of ions in the trap center, demonstrating the
feasability of creating large Coulomb crystals in linear traps. In the
next section first Coulomb crystals observed during this PhD project
are shown.
4.2 First crystallized Be' Ions
Testing and assembling of the relevant parts for the creation of Be™
Coulomb crystals was finished in the spring of 2017. This includes the
linear Paul trap and the affiliated voltage supplies (sections 2.2 and
2.3), the Be™ source (section 2.4), the vacuum setup (section 2.5), the
imaging system (section 2.7), the software control (section 2.8) and
the laser-cooling system (section 3.2). Subsequently, the search for a
fluorescence signal of trapped and laser cooled Be™ ions was started.
Having found first evidence for trapped and cooled Be' ions, the first
parameters were optimized, and a reproducible way to create Be™ parameter
Coulomb crystals was established. The parameters are given in Table set
4.1 below.

RF frequency f = /2w 13.37 MHz

RF amplitude Vj 518V

DC voltage endcaps Uepqe. +9V

DC voltage center Uepier ov

DC voltage RF electrodes U, ov

current Be-oven 3.1A

current e-gun 1.49A

voltage filament e-gun —145V

voltage Wehnelt e-gun —140V

duration Be-oven and e-gun 30s

detuning cooling laser start fgq,¢ 145 MHz

detuning cooling laser stop fsiop 15 MHz

power cooling laser ~ 5mW

camera temperature —55°C

camera gain 50

camera exposure time 0.1s

vacuum chamber pressure | =310 mbar
Table 4.1: Parameters of the experimental setup to create the first
Bet Coulomb Crystals.
At this time no B field was applied, and the repumping was done with first
the EOM. No crystallization could be directly observed by tuning the crystallizations

frequency between fyqr and fqp, but crystallization was possible by
additional steps concerning the trapping potential. After loading the
trap, a first frequency shift from fg,,+ of about 30 MHz was applied.
Thereafter, the RF amplitude was lowered to ~ 370 V and fast changes
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of the trap depth were applied, changing the DC voltages Ucpser at
the center electrodes and the RF electrodes Uy abruptly and simulta-
neously to —10V. After changing a couple of times between the two
trap depths and further detuning of the cooling laser towards the final
frequency fsop, crystallization took place. A possible explanation for
the success of this recipe is as follows: The initial voltage settings of
the trap allow confinement of particles with mass > 9amu, and the
e-gun does not only ionize Be, but also heavier ions from the residual
gas like OH* or NJ. These heavier ones disturb the Bet ions enough
to prohibit crystallization. The idea of heavier ions being present is
further supported by the observation of deformed Coulomb crystals,
if crystallization occured. The reduction of the radial confinement by
reducing the RF amplitude in combination with the fast change of the
DC voltages might create a trapping potential which is not sufficiently
attractive for heavier ions, which are therefore lost, and efficient cool-
ing and subsequently crystallization of the Be™ ions can take place.
Figure 4.1 shows the temporal evolution of a Coulomb crystal obtained
by this method.

& ¥

Lo T &
Bk w R K w W

Figure 4.1: False-color images of first Bet Coulomb crystals. @ shows
the initially created Coulomb crystal with a couple of hundred ions.
and @ show zoomed in images, and demonstrate the transition
from a zig-zag pattern to a string. @, @ and @ show a further
zoomed in image, and demonstrate the ability to detect single ions.
The ion loss is due to collisions with the residual gas.

First the crystal in Fig. 4.1 @ was created. After waiting for a couple
of minutes (or repeating the alternation between deep and shallow
potentials) enough ions were lost to observe the formation of a zig-zag
pattern, as shown in . Further loss of ions lead to a string of cold
Be™ ions as seen in @, while no manipulations at the trap voltages
were carried out. The time difference between the two images is ~ 80 s.
The images @ - @ show the decrease from three trapped ions to
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only one. The time difference between the shots is Atp_,p =~ 17s and
Atg_,r ~ 120s. The stability of the crystals depends on the residual
gas in the vacuum setup and improves with lower pressure.

4.3 Minimizing the Micromotion

Ions in an ideal linear Paul trap, located at the nodal line of the RF
field, do not experience any excess micromotion. However, in real Paul
traps phase differences between the frequency at the RF electrodes,
and residual DC fields (or geometric asymmetries due to imperfections
of the trap) can cause avoidable micromotion. In order to prevent
phase differences at the RF electrodes the copper wires for the RF
signal were designed to have the same length (see also Fig. 2.17).
The effect of residual DC fields was investigated in section 2.2 and is
shown in Fig. 2.14. These additional DC voltages displace the ions
from the nodal line of the RF field. The effect can be compensated
by applying additional DC voltages at the electrodes, in order to shift
the minimum of the effective potential back to the nodal line of the
RF field.

One method to detect and minimize excess micromotion is by moni-
toring the correlation between the fluorescence of the ions and the RF
frequency [91], since the micromotion is o< cos [Q2(t — to)], as can be
seen in eq. (2.18). Ions further away from the nodal line of the RF
always experience micromotion. To increase the signal-to-noise ratio
in the fluorescence signal, a string of ions is analysed. The duration
of an RF period is = 75ns. During this period the overall detection
efficiency of the imaging system allows only to detect on average less
than one photon, if a string of ~ 10 ions is investigated. This does not
enable a direct investigation of a correlation between the RF frequency
and the fluorescence. A solution is to measure the arrival time of the
photons with respect to the RF period, and create a histogram of the
photon phase with respect to the RF. For the histograms presented
in Fig. 4.2, approximately 10000 arriving photons were used. The
data is fitted with f(t) = A cos[Qt + B] + C. By applying additional
DC voltages to shift the position of the ion string in the gy plane this
correlation can be minimized, which can be measured in a decrease of
the value for A in the fit function. Trying multiple positions we end
up with a minimum for the correlation by applying 40.25V at elec-
trodes 1,5,6 and 7 and —0.24 V at electrodes 5, 6,7 and 8. Thereafter,
the Coulomb Crystals appear more symmetric and the individual ion
spots are sharper, as can be seen for example in Fig. 4.3.

Another possibility to minimize the micromotion is to exploit the
shape of the crystals detected with the CCD cameras [92]. With the
increasing quality of the imaging systems the deformations caused by
heavier ions around the Coulomb Crystal can be detected.

RF and
fluorescence
correlation

using the
crystal
shape
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Figure 4.2: Fluorescence modulation signal of an ion string of approx-
imately 10 ions, before (top) and after (bottom) compensation of the
excess micromotion.

By shifting the crystal in the same way as the string before, these
deformations change positions. When the deformations appear sym-
metric, the crystal is positioned symmetrically around the nodal line
of the RF field and the excess micromotion is compensated. This tech-
nique has the advantage of not only working with a string of ions. In
the present experiment the enclosed Hj ions offer a similiar possibil-

ity.

4.4 Magnification of the Imaging System

Changing the voltage at the two endcap electrodes on one end of
the trap displaces the minimum of the potential along the Z axis,
and results in the displacement of an ion crystal. Comparing this
effect with the results of a SIMION analysis for the same voltage
changes allows to estimate the pm/pixel the CCD cameras detect.
The Z axis is chosen for two reasons: Firstly, a shift along the Z axis
does not increase the micromotion in the crystal. Secondly, since the
potential is rather flat in the Z direction (see section 2.2.2) asymmetric
deformations and compressions of the crystal are minimized.

In a first step, a large Coulomb crystal was created. Larger crystals
reduce errors caused by the loss of ions and the accompanied change
of the crystal size. The initial DC voltages at the electrodes can be
seen in Table 4.2.



4.4. Magnification of the Imaging System

81

electrode H 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘ 8
DC voltages experiment [V] | 0.4 9.0 [ 0.0 | 9.0 | 9.8 | 0.8 | 9.8 | 0.4
DC voltages SIMION [V] 04194104194 194]104|94]04

Table 4.2: The initial values of the DC voltages at the trap electrodes.

Thereafter, the voltages at the endcap electrodes 2 and 7 were lowered
in ten steps of each 0.2V, resulting in a voltage difference AU,,qe..
The displacement of the crystal was detected with the top camera
(see section 2.7) and the results can be seen in Fig. 4.3. This allows
to establish a connection between the applied voltage changes and the
movement of the crystal center in units of pixel/V.

A(]ena’c. D/]

0 256 512 768 1024

pmxel

Figure 4.3: Displacement of an ion crystal along the Z axis, depending
on the voltage difference AU,,q4.. between the endcaps.
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SIMION

magnification

Taking a look at Tab. 4.2, one can see that in an ideal trap these
DC voltages would not create a symmetric potential, but are cho-
sen to compensate for the micromotion. For the SIMION analysis,
symmetric voltages need to be used, being as close as possible to
the experimental case (see also Table 4.2). The RF amplitude and
frequency are in both cases the same, 512V and 13.37 MHz. After
setting up the effective potential (see subsection 2.2.3) for each of the
ten voltage configurations the position of the potential minimum is
determined. Figure 4.4 shows the comparison between the experimen-
tal data and the SIMION results for the evolution of the crystal center
and the potential minimum. Fitting both sets of data points results
in 53.2 £+ 1.1 pixel/Volt and 106.3 £+ 4.3 um/Volt, so that we finally
obtain a value of 1.997 + 0.091 um/pixel for the top camera.
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Figure 4.4: Displacement of an ion crystal depending on the voltage
difference AUegpqe. at the endcaps. The top points (and left axis) show
the experimental data and the bottom data points (and right axis)
show the SIMION results. Both data sets were fitted with a linear
function.

Having obtained this value allows now for an estimation of the absolute
crystal sizes and the spacing between the ions, which is with ~ 20 ym
comparable to results found elsewhere (for example [90, 86, 93, 94]).
This allows to cross-check the plausibility of the SIMION results.

In order to determine the pum/pixel value for the second camera, an
identical crystal is observed with both cameras, resulting in a value of
~ 1.68 um/pixel for the second camera. One can note that the 1024 x
1024 pixel? of the top camera depict an area of 2.06 x 2.06 mm?, while
the side camera with a CCD chip of 512 x 512 pixel? depicts an area of
0.86 x 0.86mm?. Since the edge length of the pixels on both cameras
is known (see section 2.7) the magnification for the top camera can be
determined by dividing the size of a pixel through the value obtained
above for the pum/pixel, leading to a magnification of 6.5140.30. The
magnification for the side camera is ~ 9.5. The magnification of the
top camera can also be estimated using the lensemaker’s equation. The
distance between the trap center and the center of the objective (see
Fig. 2.29) is estimated by p; = 87.24+10mm and the distance between
the center of the objective and the CCD chip by p; = 555 4+ 20 mm,
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resulting in a magnification of 6.4 £ 0.6. While both methods agree
with each other, the uncertainty of the first method is smaller.

4.5 Three-dimensional Be™ Crystals

Two principal reasons to obtain large Coulomb Crystals can be re-
called. The first is to be able to sympathetically cool as many Hy ions
as possible to increase the signal-to-noise ratio for the Hy spectroscopy
experiment. The second one is in regard of externally produced ions,
where bigger crystals mean faster cooling of the injected ions. This is
for example the case in the GBAR project, where the H* ion will be
injected with a kinetic energy of approximately 1eV (see thesis of N.
Sillitoe [32]).

The trap, laser, and camera parameters are the same as in section 4.2
and are shown in Table 4.1, but include compensated micromotion
and the exposure time of the cameras is five times larger than before,
now equalling to 0.5s.

Two approaches are taken to estimate the amount of Be™ ions in a
crystal; both are based on the fluorescence images recorded with the
CCD cameras, and the crystal shown in Figure 4.5 will serve as an
example. The bottom left panel shows the data recorded with the
top camera, after it was imported into Python and a threshold for
the fluorescence signal was applied. This removes noise due to dark
current and reflections. Pictured above and right to the image are the
projections of the fluorescence signal along the radial direction and
the Z direction.

The first option to evaluate the amount of crystallized ions is by de-
termining the volume occupied by a single Be™ ion, and the volume of
the Coulomb crystal. The zoomed inset of Fig. 4.5 shows six equally
spaced Be™ ions along the Z axis, which allow to estimate the Wigner-
Seitz radius at ays ~ 12.5 0.3 um. The total crystal length [, along
the Z axis is approximately 112845 pym and the width w, is 1365 pm,
assuming the crystal to be symmetric in the radial direction. There-
fore, the total volume can be estimated as the volume of an ellipsoid
with V = 4/37-1=/2- (wr/2)?. By dividing the total volume by the volume
of a sphere with the Wigner-Seitz radius one ends up with 1374 +193
beryllium ions. However, this method allows only to analyze single-
component crystals, since it is difficult to estimate defects in form of
enclosed sympathetically cooled ions (see section 4.6).

The second method is by numerically integrating the fluorescence sig-
nal in a flat region of the crystal, where the number of ions can be
counted. In Fig. 4.5 such regions are at both ends of the crystal in the
Z direction. The number of ions in both end regions is estimated as
seven, eight or nine ions, since it is not obvious if below the ions closer
to the center of the crystal additional ions are hidden. The parts of the
fluorescence signal in the Z-projection which are associated with

second
parameter
set

number
of ions

volume
method

fluores-
cence
method
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Figure 4.5: A Coulomb Crystal of ~ 1350 Be" ions. The bottom
left shows the data obtained with the top camera. The inset shows
eight uniformly spaced ions with marked positions for six of them.
Above and right to the data of the camera the projections along the
columns and rows are shown, together with quadratic fits (see text).
The marked regions around the crystal center show the integration
interval to determine the number of ions in the corresponding slices.
The insets in the top projection shows Gaussian fits for ions at the end
of the crystal. The top right image shows the position of the RF and
DC electrodes with respect to the crystal, the direction of the cooling
laser and the positions of the cameras.

these two regions are shown in the inset of the plot. By fitting the
peaks of the fluorescence with a Gaussian, and subsequently integrat-
ing, a value for the fluorescence caused by these ions is obtained. The
integral associated with the single ion at the outer right has a value
of ~ 61 - 103 counts. Based on the linewidth of the transition and
the exposure time one expects ~ 107 photons/ion. Considering the
overall collection efficiency of the imaging system one ends up with
~ 60 - 10° photons/ion, which fits well with the measured value. The
ratio of the integrals with respect to each other allows to validate the
number of ions identified with the integrals. This method has the ad-
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vantage of also allowing to determine the number of ions if the crystal
is not symmetric in the radial direction. Note, however, that it is
important that all the ions in the crystal receive the same amount of
cooling light, or the transitions are saturated. In the current config-
uration of the setup the waist of the cooling beam is larger than all
the observed ion clouds. The results for different assumed numbers of
ions are listed in the table below and compare well with the result of
the first method.

method ‘ number of ions

volume method, spherical ion volume 1374 £ 193
fluorescence method, 8 + 1 ions 1311 + 164

Table 4.3: The number of ions in the crystal shown in Fig. 4.5, ob-
tained by the two different methods.

In order to gain more insight into the information contained in the
projections of the fluorescence, the shape of the projections is further
investigated. Assuming the Be™ ions within the crystal to be uniformly
distributed, the projection of the fluorescence signal is proportional to
the cut surfaces of the ellipsoid along the projection directions.

Figure 4.6: Sketch of an ellipsoid with its cut surfaces through the
center (ro,29). The cut surface S, is parallel to the &y plane and
the cut surface S, is perpendicular to S,. The functions for the cut
surfaces along the Z and © axis are also plotted.

For a crystal which is symmetric along the radial direction the cut
surface perpendicular to the Z axis of the crystal is a circle, as can
be seen in Fig. 4.6. The radius of this circle is depending on the

fitting
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axis
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z coordinate and follows the elliptical shape of the crystal. The cut
surface is therefore

|ﬁl\2

S.(z)=m- v

[ = (= 200 (12)

NN

with the dimensions [, and w,, and zy being the center of the crystal.
The cut surface perpendicular to the 7 axis has the shape of an ellipse
with the major axis being the extension along the 2 axis and the minor
axis being the extension along the  and ¢ axis. While the minor axis
evolves like a circle when the cut surface is displaced along the Z or
7 axis, the major axis itself evolves like an ellipse. The cut surface
perpendicular to the z and gy axes is therefore

S1(r) = 7o = [ — (= mo)?]. (4.3

Wy

with 7o being the center of the crystal along the 7 axis. The resulting
fits can be seen as solid curves in the fluorescence projections of Fig.
4.5 and are in good accordance with the data.

To obtain the number of ions in such a cut surface one has to take
into account the finite width of the space occupied by the ions. This
width can be estimated using the Wigner-Seitz radius ay s and one
can write for the integrated count number Ny,

Utaw s Utaws
Neount = / Cu(u)du =Ny C / SU(U)dU, (44)
u—aws Uu—aws

where C), is the projection of the detected fluorescence count signal,
n, the ion density in the volume element spanned by u =+ a g, ¢ the
average fluorescence count signal per ion and u = r,z. For u close
to the center of the crystal, where S, does not change too strong
over a distance of 2ay g, the right side of the equation above can be
approximated as n,, ¢ S, (u)-2aw s, so that one can write for the number
of ions in the investigated volume element

Cy(u)du. (4.5)

u—aws

For the two slices around the center (rg, zo) of the crystal shown in
Fig. 4.5, this results in 43 ions in the slice around S,(zy) and 328 ions
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in the slice around S, (rg).

Assuming a highly ordered structure of the ions in the cut surfaces,
having the same ion density n,, the same average fluorescence sig-
nal ¢ and Wigner-Seitz radius awg, the ratio of the integrated count
numbers C,.(r) and C.(z) is equal to the ratio of the projected sur-
faces:

rs(r, z) = = =:ro(r, z). (4.6)

This condition indicates how well the assumption of a uniform Be*t
distribution in the cut surfaces is justified. It breaks down if either
one of the assumptions above is violated and for crystals containing
impurities like sympathetically cooled ions, which are not contributing
to the fluorescence signal.

For the cut surfaces through the crystal center and using eq. (4.2) and
eq. (4.3) this condition simplifies to

rs(ro,20) = ” = () = rec(ro, 20)- (4.7)

Using the crystal dimensions and count maxima obtained by the fits
for the crystal in Fig. 4.5 one obtains rg(rg, 20) = 7.45 + 0.20 and
ro(ro, z0) = 7.50, which indicates no enclosed, sympathetically cooled
ions in the corresponding slices.

As mentioned before, this method only works under certain conditions,
but can be useful to detect H* ions in large Be't crystals. It is dif-
ficult to estimate down to which number of ions these considerations
stay true. In Fig. 4.7 a smaller Bet crystal is analysed. The same
methods as before are applied, and the image detected with the top
camera is shown at the bottom left of Fig. 4.7. The projections of the
fluorescence signal along the Z and 7 axis are again above and right
to the image. The number of ions estimated with the two methods
presented in before are shown in Table 4.4.

method ‘ number of ions
volume method, spherical ion volume 509 £+ 89
fluorescence method, 8 + 1 ions 457 £ 57

Table 4.4: The number of ions in the crystal shown in Fig. 4.7, ob-
tained by the two different methods.

The fluorescence projections are fitted as described above and are in
good accordance with the data. For the number of ions in the slices
around the trap center, one obtains 27 ions for S,(z)) and 148 for
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Figure 4.7: A symmetric Be™ crystal with approximately 480 ions.
Further explanations can be found in the caption of Fig. 4.5

The two ratios from eq. (4.7) match with rg(ro, 29) = 5.60 £ 0.18 and
ro(ro, z0) = 5.59. Despite the fact that the disordered area at the left
of the crystal suggests some enclosed, sympathetically cooled ion(s),
the fluorescence projection along the Z axis and the two matching ra-
tios rg and r¢ do not support that assumption.

For both examples the estimation of the ion number for the two dif-
ferent methods agree within their errors and can serve as a rough es-
timation. A technique which allows for a more precise estimation can
be found here [95] and relies on the ion cloud being in a so called cold
fluid state. This technique is more demanding and is not discussed
here.

4.6 Sympathetic Cooling

Doppler laser cooling is restricted to atoms and ions with a suitable,
closed transition. The complex energy structure of molecular ions
makes it difficult to tailor cooling schemes and would need many dif-
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ferent repumpers to close the transitions. In addition, homonuclear
molecules (in their ground state) do not possess permanent electric
dipole moments, such that the selection rules prohibit one-photon
transitions. Another problem can be the non-availability of laser
sources at the required wavelength. Finally, as is the case e.g. for
the antimatter HT ions in the GBAR project, the ion of interest may
have only one bound state, such that direct laser cooling is not possi-
ble at all.

A convenient solution to these difficulties can be sympathetic cooling.
This allows to cool down particles which cannot be directly adressed,
like in our case the homonuclear molecular hydrogen ion Hj . Particles
with an easy cooling transition are trapped together with the particles
of interest, and due to the long range Coulomb interaction between
the ions cooling of one species leads to cooling of the other species.
The first time sympathetic cooling was proposed was in 1978 by D.
Wineland et al. [58] and it was shown to work in a Penning trap with
laser cooled *Mg™ ions and its sympathetically cooled isotopes 2?Mg™
and 2Mg™ [96]. In 1986, Larson et al. reported sympathetic cooling
of ¥8Hg™ by Doppler cooling of “Be™ in a Penning trap, showing that
sympathetic cooling is also applicable to two ion species with a mass
ratio of Meeotant/Meootea = 22/1 [97].

The first evidence for sympathetic cooling in RF traps was observed
in 1992 [88]. While investigating the ordered structures of trapped
and cooled ?*Mg™ ions, dark spots in the crystal-like structures could
be seen, and were identified as representatives of the two other mag-
nesium isotopes and/or other ions originating from the residual gas.
Nearly twenty years after the proposal of Wineland et al., first sym-
pathetic cooling of molecular ions was reported [98]. Laser-cooled
24\Mg* ions were used as a coolant species in a linear Paul trap, and
by controlled introduction of air into the vacuum chamber, and pro-
ton transfer to the neutral molecules, sympathetically cooled molec-
ular ions could be observed. The way of detection also presented a
novelty - by excitation of the secular frequencies of the trapped molec-
ular ions, the 2*Mg™ were heated as well and therefore the measured
fluorescence decreased.

While in the publications mentioned before the number of coolant ions
was larger than the amount of cooled ions, Drewsen et al. reported
in 1999 sympathetic cooling of up to 15 ions by one laser-cooled ion,
and for larger ion crystals a ratio of more than 50% for the num-
ber of sympathetically cooled ions to coolant ions [93]. Molecular
dynamics simulations helped to understand the range of mass ratios
Meeoolant/ Meootea fOr Which sympathetic cooling is applicable [99, 100].
As a result of these simulations it was shown, that the two coolant
species “Bet and 3"Bat are sufficient to acchieve sympathetic crystal-
lization for molecules with a single positive charge and a mass ranging
from 2 amu to 2000 amu.

In our setup, first evidence for sympathetic cooling was found by ob-
serving beryllium ion strings in a symmetric trap configuration. In
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mass
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this configuration the a; parameter of the trap is close to zero. Since
the ions are on a string there is no radial separation between heavier
and lighter ions, and since the trap potential along the Z axis is flat
one can not jump to the conclusion which masses are trapped within
the string. It can be ions heavier or lighter than Be*.

208um
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Figure 4.8: An ion string of eight laser cooled beryllium ions with two
sympathetically cooled ions, indicated by the empty circles.

4.7 Flat Be' Crystals and sympathetically
cooled Hj Ions

During the loading of the trap with beryllium ions by electron impact,
the e-gun ionizes also other particles in the residual gas. In well-baked
chambers the main components found in the residual gas are Hy, H,O
and OH, Ny, as well as CO and CO, [101]. Except for the hydrogen
molecule all these molecules are heavier than Be', with OH as the
lightest having a mass of 17amu. If ionized, these heavier molecules
gather around the Bet and make it more difficult to cool the Be™ ions
down to crystallization, and, additionally, disturb the crystal shape if
crystallization is successful.

To overcame this obstacle one can operate the trap in a parameter
region where the trapping conditions are not stable for heavier ions.
Figure 4.9 shows the parameter space which can be reached with the
setup described in section 2.3, and the areas of stability according to
the Mathieu equations are shown. By keeping a certain value for the
amplitude of the RF voltage and increasing the DC voltage Uy, the
trapping potential becomes step by step unstable for particles with
different masses, starting with the heavier ones. At an RF amplitude
of Vo = 500V the DC voltage needs to be approximately 15V in order
to create a trapping potential which is only stable for Be™ or lighter
ions. Real mass spectrometers are working by changing Vy and Uj
simultaneously, but with a fixed ratio to each other, such that the
trapping potential is only stable for one distinct species at a time (see
Fig. 2.12 and text there).



4.7. Flat Be" Crystals and sympathetically cooled H; Ions

91

0 : i
100 200 400 500

Figure 4.9: The stability diagram for particles with different masses in
the parameter region which is accessible with the trap voltages. The
dotted area shows the results for a SIMION analysis with an endcap
voltage of 2'V.

The manipulation of only the DC voltage U, allows to confine simul-
taneously ions with a mass smaller than a certain value.

The dotted area in Fig. 4.9 shows the results for a SIMION analysis
for the trap in this setup. Unlike the Mathieu stability condition, such
a simulation can also take the endcap voltage Ugnq. into acount. For
the present case, U.,q. Was kept constant at 2V, and although the
endcap voltages cause a deconfining potential in the 2y plane, here
this effect is negligible for small endcap voltages.

One can summarize that another option (instead of using the recipe
described in section 4.2) to drive out impurities of the trapped ion
cloud is either to load beryllium ions in a symmetric trap configura-
tion (a, = 0) and then clean the cloud by changing the DC voltages
such that heavier particles become unstable, or by loading the trap
directly in that constellation. The former leads, if done too fast, to
ion loss, while the latter reduces the number of initially trapped Be™
ions.

Another method for removing heavier ions from the trap is by excita-
tion of the corresponding secular frequencies. This method is not yet
fully functional in our setup, but should allow to load in a symmetric
trap configuration and result therefore in more trapped Be™ ions, and
finally in larger Coulomb crystals.

Mathieu
Vs
SIMION

secular
frequency
excitation
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4.7.1 A two-dimensional Be't Crystal

From Fig. 4.9 one can see that at an RF amplitude of ~ 500V (and
a frequency of 13.337 MHz) confining only ions with a mass of 9 amu
or lighter a Uy of =~ 14.5V needs to be applied. Since the voltage
range at the DC electrodes is between £10V (see section 2.3.2) the
ground at the center electrodes 3 and 6 needs to be shifted to negative
voltages. The resulting DC trap voltages are shown in Table 4.5. The
deviations are due to the compensation of the micromotion.

500
400
300 =
1200 =
100

400 600 800 1000 1200 0 100 200 300

[wm] counts/row [103]

Figure 4.10: A two-dimensional Be™ crystal, consisting of approxi-
mately 300 ions. The inset of the bottom left image shows the highly
ordered structure of the ions in the crystal center of a centered square
lattice. The two arrows show the primitive lattice vectors. To obtain
the ion number in the crystal the fluorescence signal of the countable
ions was fitted with a Gaussian. The dashed lines in the projections
of the fluorescence is the quadratic fit as explained in section 4.5. The
solid lines show an ellipse (see text). In both fluorescence projections
the marked area shows the integration interval for the determination
of the ion number in the corresponding slices. The orientation of the
two-dimensional crystal with respect to the trap electrodes and cam-
eras is shown at the top right.
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electrode “1‘2‘3‘4‘5‘6‘7‘8

DC voltages [V] || 8.52 | —4.00 | —6.00 | —4.00 | —3.08 | —=5.08 | —3.08 | 8.40

Table 4.5: The DC voltages at the trap electrodes with Uegpg. = 2V
and Uy = 14.4V. The deviations at electrodes 1, 5, 6 and 7 are due
to the compensation of micromotion.

The parameters for Be™ creation and the cooling laser are the same
as in Table 4.1 and the exposure time for the camera is 0.5s. The
detected image is shown at the bottom left of Fig. 4.10, with the
projections of the fluorescence signal above and to the right.

For the crystals analysed before, an ellipsoid shape was assumed. Since volume
for asymmetric potentials one can expect the crystal to be shallow method
along the ¢ axis, the volume method to obtain the number of ions $

must be modified. The crystal shape is assumed to be an ellipsoid with surface
a thickness of one Be™ ion, such that the volume method becomes a method

surface method. The number of ions is now estimated by dividing the
total surface S = 7 - w, - [, through a circle defined by the Wigner-
Seitz radius. For a symmetric crystal the width w, of the ellipsoid is
not influenced by any projection effects. For an asymmetric crystal,
located as can be seen at the top right of Fig. 4.10, the width weum
detected with the cameras needs to be corrected. The expected angle
of 45° between the crystal extension in & direction and the imaging
direction leads to a width of w, = V2 Weym. The number of Be™ ions
estimated with this method can be seen in Table 4.6 and compares
well to the estimation done by the fluorescence method.

method ‘ number of ions
surface method, circular ion surface 339 + 16
fluorescence method, 6 £ 1 ions 308 + 51

Table 4.6: The number of ions in the crystal shown in Fig. 4.10,
obtained by the two different methods.

Since the shape of the crystal is described by an ellipse rather than fitting the
by an ellipsoid, the assumptions in section 4.5 leading to the fit func- fluores-
tion are not valid anymore. This can also be seen in the fluorescence cence
projections of Fig. 4.10, where the dashed lines show a fit with the

functions from eq. (4.2) and (4.3). The overlap is particularly poor at

the borders of the signal. However, the projected fluorescence signal

is still proportional to the number of ions in each cut along the axes.

Along the Z axis the projected fluorescence for such a two-dimensional

crystal is therefore proportional to
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loading of Hj

with zy being the center of the crystal. The same expression holds for
the fit along the 7 axis, but with the roles of [, and w, exchanged.
By not taking the outermost data points into account, the data can
be fitted with these functions. The solid lines in the fluorescence-
projections in Fig. 4.10 shows these fits, which match particularly at
the borders better with the data. This indicates that the shape of the
crystal is indeed better described by a two-dimensional ellipse than by
an ellipsoid.

Additional support for the two-dimensional character of the crystal
can be found by analysing the nature of the lattice structure of the
crystal. The inset in the camera data of Fig. 4.10 shows the pseudo-
lattice structure of the crystal. Infinite lattices are described by their
primitive vectors, which generate the complete lattice structure by
discrete translations. For the crystal in question, this is only valid
at the center, since the shape of the potential causes deformations
at the crystal borders. In radial direction the crystal-like pattern is
preserved until the boundaries of the crystal, but in Z direction the
ordering changes. However, close to the center one can find two prim-
itive vectors, which are shown in the inset of Fig. 4.10. The vector d;
along the 2 axis has a length of 38.2 + 0.9 pm, while the vector da com
has a length of 23.6 £ 1.2 um. The angle 6.,,, between the two vec-
tors is 36.1 0.6 °. Assuming a two-dimensional crystal, located with
respect to the camera axis as shown at the top right of Fig. 4.10, the
value for dy cqm has to be corrected. This leads to |ds| = 27.4£1.8 um
and # = 45.9 + 1.8°. That suggests the assumption that the struc-
ture in the center of the crystal is a centered square lattice, since for
|di | = 38.2um this lattice is described by |dyq| = 27.0 pm and
Oy = 45°, which matches well with the determined values. The ob-
servation of this two-dimensional lattice structure further supports a
purely two-dimensional crystal. The Wigner-Seitz radius is therefore
estimated at ld21/2 = 13.7 + 0.9 um.

The change in the fluorescence of the ions in radial direction and
the change of the ordering along the Z axis makes it difficult to esti-
mate the amount of ions in the slices. While the former leads to an
overestimation of the ions in the slice projected onto the Z axis, the
latter distorts additionally the number of ions in the slice along the 2
axis.

4.7.2 A single Hj ion in a two-dimensional Be*t
Crystal

To add Hj ions into a crystal like the one in Fig. 4.10 the e-gun can
be used to ionize Hy from the residual gas. Since the trap parameters
do not allow confinement of heavier ions than Be™ the crystal is not
disturbed by the creation of heavier ions, and the HJ ions accumulate
in the crystal. Fig. 4.11 shows a two-dimensional Be™ crystal with
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one sympathetically cooled Hy ion on the left. The trap parameters
are the same as in Table 4.5 and the e-gun was turned on for 15s.
The number of ions obtained by the different methods is shown in
Table 4.8, together with the number by directly counting the ions.
The discrepancy can be explained by the fact that due to the small
size of the crystal the actual shape is not an ellipse, and the Wigner-
Seitz radius is not constant. The accuracy of the fluorescence method
is biased by the varying fluorescence per ion.
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Figure 4.11: A two-dimensional crystal with 111 Be™ ions and one HJ
ion, located at the left side of the crystal. The inset of the bottom
left image shows a hexagonal lattice structure in the center of the
crystal with the two primitive lattice vectors. The outer peaks in the
projection of the fluorescence along the Z axis can be identified with
the ions along the corresponding columns in the image of the camera
data. The numerical integration of the peak D gives nearly the same
result as for C and F and allows to identify the position of the Hj ion
along the z axis. The seven peaks in the plot at the bottom right can
be identified with the seven rows of ions in the camera data.
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method ‘ number of ions
surface method, circular ion surface 126 =17
fluorescence method, 18 4+ 1 ions 1374+ 8
counting 111

Table 4.7: The number of ions in the crystal shown in Fig. 4.11,
obtained by the two different methods, and by direct counting.

The inset in the image at the bottom left of Fig. 4.11 shows two primi-
tive lattice vectors for the crystal structure in the center. For these vec-
tors one obtains a length of |d;| = 28.2+ 1.9 ym and |dg com| = 22.4 £
0.7 pm, while the angle in between has a value of 0., = 51.1 £4.7°.
After correcting these values for the angle in between the camera axis
and the Z axis one obtains |ds| = 28.4 + 5.3 um and 6 = 60.3 £ 3.3°.
These results match well with the values expected for a hexagonal lat-
tice with |dy p| = |di | = 28.2 pm and 65, = 60.0°.

Sympathetically cooled ions do not contribute to the fluorescence sig-

the H nal, which can be seen at the empty spot in the camera data in Fig.

4.11. At the borders of the crystal in % direction the Be™ ions are
well aligned along the 7 axis, and one can identify separated columns.
In Table 4.8 the ratios of the numerically obtained integrals for the
different columns are shown.

column H A ‘ B ‘ C ‘ D H E ‘ F ‘ G

number of ions 1 2 3 3 4 3 2

integral in units of integral A | 1.00 | 2.04 | 3.03 | 3.19 || 5.04 | 3.59 | 2.30

expected 1 2 3 3 4 3 2

integral in units of integral G' || 0.43 | 0.88 | 1.32 | 1.39 || 2.19 | 1.56 | 1.00

expected 0.5 1 1.5 | 1.5 2 1.5 1

Table 4.8: The different columns from Fig. 4.11 with the associated
ion numbers. The ratios for the numerical integration work well for
adjacent ions.

This comparison works well for adjacent ions, but poorly for ions which
are at different sides of the crystal. The asymmetry between the
fluorescence strength of single ions compared between the left and
right side of the crystal could already be observed in the crystals
presented before. A possible explanation is a not perfectly aligned
objective.

4.7.3 Multiple Hj Ions in a flat Bet Crystal

By creating a flat Be™ crystal like in section 4.7.1, and subsequently
turning on the e-gun for approximately 60 s, multiple HJ ions are cre-
ated and accumulate at the nodal line of the crystal. An example for
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such a crystal can be seen in Fig. 4.12, where the enclosed Hj ions
disturb the ordering in the center of the crystal.

In the fluorescence projection along the Z axis it can be seen that
neither of the fit-functions set up earlier do the shape justice. This
indicates that the crystal does neither possess a rotational symmetry
around the 2 axis, nor is it a purely two-dimensional crystal. The num-
ber of ions is difficult to estimate. The crystal has no sharp boundaries,
so that it is problematic to estimate the volume.
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Figure 4.12: A flat Coulomb crystal with approximately 250 to 400
Be™ ions and 5 - 9 Hy ions. The inset in the image at the bottom left
shows a flat region of the crystal with a hexagonal lattice structure. In
the center of the crystal sympathetically cooled HJ ions are located.
This can also be seen by the drop in the projected fluorescence in
the crystal center (bottom right image). Neither of the fit functions
for the projection along the Z axis matches very well, indicating that
the crystal is not symmetric in the v direction but also not purely
two-dimensional.

The fluorescence method also does not deliver precise results since
there are no clearly separated ions. A comparison with the crystal in
section 4.7.1 makes it plausible that the crystal contains roughly 250
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Based on this assumption, and doing the approach of a constant fluo-
rescence per ion throughout the crystal, one can estimate the number
of ions responsible for the two peaks A and B in the projection of the
fluorescence at the bottom right of Fig. 4.12. Depending on the num-
ber of ions each of that slices contains between 30 and 49 ions. For the
peak in between the ion number ranges from 25 to 40 ions. Comparing
these numbers one can estimate the amount of sympathetically cooled
Hj ions, ranging between 5 and 9 ions.

4.8 A three-component Crystal
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Figure 4.13: A three component crystal consisting of approximately
700 Be™ ions, enclosed Hy ions at the left end of the crystal, and heav-
ier ions around the Be™ crystal. The heavier ions cause the elongated
shape of the crystal (compare to Fig. 2.15)

To obtain a large three component crystal as shown in Fig. 4.13,
first a large Be™ crystal must be created. After that turning on the
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beryllium oven and e-gun for ~ 45s results in a growing of the Be™
crystal and a deformation. The additionally created Hj ions accumu-
late within the Be*t crystal, while heavier ions, also coming from the
residual gas, assemble around the Be™ crystal and cause the elongated
shape in form of a cylinder. The projections of the fluorescence signal
are proportional to the ion density along the corresponding axis. Com-
paring the data in Fig. 4.13 with the results from simulations shown
in Fig. 2.15 for the ion density along the two axes, consolidates the
assumption that the measured data corresponds to a three component
crystal.

4.9 A large Be' /H] Coulomb Crystal

For the final goal of the experiment, the high resolution spectroscopy of
Hj, it is desirable to obtain as many state selected, sympathetically
cooled Hj ions as possible. This allows for a better signal-to-noise
ratio, since the signal to measure is the fractional ion loss of Hj.
Fig. 4.14 shows a mixed Be'/H; Coulomb crystal with a significant
amount of Hj ions.
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Figure 4.14: A large Be™ /Hj Coulomb crystal. The dip in the center
of the fluorescence projection to the right indicates the amount of
sympathetically cooled Hy ions.
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This crystal was created in the following way: Starting point is the
symmetric trap configuration (no additional Up) with an RF ampli-
tude of 230V. Loading the trap with Be™ (oven at 3.1 A, e-gun at
1.44 A) for 100s creates also Hy ions by electron impact. The next
step consists of cleaning the crystal from heavier impurities by tem-
porarily applying an additional Uy. Thereafter the detuning of the
cooling laser is changed from —349 MHz to —49 MHz and the inten-
sity is lowered from 7.5 mW to 0.7mW.

The fluorescence projection to the right in Fig. 4.14 shows a dip at
the center, caused by the sympathetically cooled Hy ions. This dip is
proportional to the amount of Hj ions, and therefore a possible signal
to measure the fractional ion loss after the spectroscopy sequence. The
number of missing Be™t ions in Fig. 4.14 is estimated by fitting the
outer regions of the fluorescence projection with a quadratic function.
Thereafter the integrals of the fit and the data are compared.
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Summary

The manuscript at hand presents the motivation, design and technical
realisation of a new experimental setup to perform sympathetic cool-
ing of H ions via Be™ Coulomb crystals. The final goal is to perform
precision spectroscopy of the ro-vibrational, Doppler-free two-photon
v=0,L=2— v =1L = 2 transition in the electronic ground
state of the molecular hydrogen ion Hj , aiming at testing the validity
of QED and obtaining improved values of fundamental constants, in
particular the proton to electron mass ratio jie = ™r/m..

Chapter two reviews the trapping mechanism of a linear Paul trap
and elaborates the choice for the trap design. Furthermore, the Be™
source, the vacuum system and the planned Hy source are explained.
Besides, the imaging system and the experiment control software are
presented. Chapter three reviews the fundamentals of Doppler-cooling
and presents different options to provide laser light for cooling of
Be™. Additionally the other necessary laser sources for precision spec-
troscopy of the v = 0,L = 2 — v = 1,L = 2 transition of Hj
are described. Chapter four presents first results on the laser cooling
and crystallization of Be™ ions, and the characterization of obtained
Coulomb crystals. While the state selective Hy source has been shown
to work [32], it is not yet implemented in the experimental setup pre-
sented here. Nevertheless, observation of sympathetically cooled Hy
ions could be performed by operating the trap in a stability region
which is only stable for particles with mass < 9 amu, and creating HJ
ions out of the residual gas by electron impact ionization. Although
the resulting population of the v = 0, L = 2 state is considerably
lower than in the case of state-selective production, this setup might
be used for a first observation of the two-photon transition with a
modest signal-to-noise ratio.

Furthermore, large, purely two-dimensional Coulomb crystals were ob-
served and analysed. Two different lattice structures in the central
region of these crystals were identified. Together with a novel tech-
nique to discriminate between two- and three-dimensional Coulomb
crystals by means of fitting the fluorescence projections, these lattice
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structures allow to verify the purely two-dimensional character of the
observed crystals. Besides of being from interest for quantum simu-
lations [36], two-dimensional crystals allow for a precise counting of
sympathetically cooled, dark ions.

During the preparation of the manuscript at hand the work towards
preparation of ensembles of cold, state-selected Hy ions was contin-
ued. Cooling via ot polarized light was implemented and verified to
work. At the moment the secular frequencies are probed in order to
get insight of the impurities, detect sympathetically cooled HJ ions
with an additional method and verify the SIMION simulations. Fur-
thermore, the design for the new Hj source has been finished and
is under preparation at the mechanical workshop. In addition an al-
ternative 2 + 1 REMPI scheme for state-selective Hy production is
investigated.

While the implementation of the state selective Hy source is prepared,
three different topics may be investigated:

e Concerning HJ spectroscopy: The state selective production of
H in the vibrational ground state is crucial for the signal-to-
noise ratio of the spectroscopy measurement. Since the disso-
ciation laser at 213nm is ready to use and mainly acts on the
Hj ions in a higher vibrational state [32], it can be of interest
to produce HJ ions by electron impact, while the dissociation
laser is active. This way one should end up with close to 100%
of ions in v = 0, and therefore ~ 12% in the v = 0, L = 2 state.
Together with a precise method to monitor the number of sym-
pathetically cooled Hy ions the search for a first spectroscopy
signal can be started.

e Concerning two-dimensional lattice structures: Since 03/03/2018
a method is implemented which allows to smoothly change the
the trap configuration between different points in the stability
diagram. This allows to perform small and adiabatic changes in
the trapping potential. Based on this method the phase tran-
sition between the centered square lattice and the hexagonal
lattice may be investigated.

e Concerning GBAR: The two final steps in the preparation of the
antihydrogen ion HT are the sympathetic cooling of the HT ion
in a mixed HD*/Bet Coulomb crystal, and thereafter ground
state cooling of a H*/Be™ ion pair in a precision trap. Before
initiating the transfer of the H* ion to the precision trap, it is
important to verify that indeed one HT ion is present in the
mixed-species crystal. A possible solution is the following: after
the sympathetic cooling in the mixed-species crystal was suc-
cessful, and the H is at the nodal line of the RF potential, first
the HD™ must be removed by excitation of their secular frequen-
cies. Thereafter the trap configuration can be smoothly changed
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to create a two-dimensional Be™ Coulomb crystal with one H*
ion enclosed. As can be seen in section 4.7.2, the precise loca-
tion of sympathetically cooled ions in such a crystal is possible.
Investigating the removal of sympathetically cooled HJ in Be®t
crystals via excitation of their secular frequencies is performed
now at LKB. If this works well the next step may be operat-
ing the trap in a stability region suitable for protons, Hy and
Be' ions. Using the dissociation laser at 213 nm may provide a
mixed-species crystal with protons, Hj and Be™ ions, being close
to the situation which is planned for GBAR. This will open up
the possibility to investigate the removal of Hy ions without los-
ing the protons, mimicking the GBAR situation with Ht, HD*
and Be™ ions.

A final task is to prepare the Python 3 code in such a way, that it can
serve as a basis or example for experimental setups developed in other
groups. Collaborations would allow to create a standardized library
for the hardware interfacing of many devices used in the trapped ions
community, with the ultimate goal of providing a shared software-
package which is tailored for trapped ion experiments.
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Appendix A

.gen-files for SIMION

A.1 .gem-file for the optimal rod size

Below an example for the .gem-file for 7. = 4mm. Since r, changes
in each .gem-file also the distance ' = r. + R = 7.5 mm between trap
center and the center of the cylindrical electrode has to change, in
order to keep R = 3.5 mm constant.

PA _define (261,261,141 ,planar ,non—mirrored , electrostatic)

; defines origin of coordinate system, scale of 10
; origin equal trap center

locate (130,130,70,10,0,0,0){

.ELECTRODE 1 RF
electrode (1) {
locate (0,0,-6,1,0,0,0) {
£i11 {within{cylinder (7.5,0,12,4.0,,12)}}

fill {within{cylinder(-7.5,0,12,4.0,,12)}}
}
}

;ELECTRODE 2 CENTRAL ELECTRODES TO GROUND
electrode (2) {
locate (0,0,—6,1,0,—-90,0)
fill {within{cylinder(-7.5,0,12,4.0,,12)}}

fill {within{cylinder (7.5,0,12,4.0,,12)}}
}

A.2 .gen-file to estimate 2./
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Figure A.1: The electrodes are grouped in three potential arrays, each
array can be scaled to an independent voltage.

PA _define (241,241,401 ,planar ,non—mirrored ,electrostatic)

; defines origin of coordinate system and scale of 10
; origin equal trap center

locate (120,120,200,10,0,0,0){

;ELECTRODE 1 RF
electrode (1) {
locate(0,0,—18.2,1,0,0,0) {
fill {within{cylinder (7.5,0,36.4,4,,36.4)}}

fill {within{cylinder(-7.5,0,36.4,4,,36.4)}}
}
}

;ELECTRODE 2 CENTER ELECTRODES
electrode (2) {
locate (0,0,—-6,1,0,—90,0) {
fill{within{cylinder(-7.5,0,12,4,,12)}}

fill {within{cylinder (7.5,0,12,4,,12)}}
}
}

;ELECTRODE 3 ENDCAPS
electrode (3) {
locate (0,0,6.2,1,0,-90,0) (
fill {within{cylinder(-7.5,0,12,4,,12)}}

locate (0,0,—18.2,1,0,—90,0) {
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fill{within{cylinder(-7.5,0,12,4,,12)}}
}

locate(0,0,—-18.2,1,0,—-90,0) {
fill{within{cylinder (7.5,0,12,4,,12)}}

locate (0,0,6.2,1,0,-90,0) {
fill {within{cylinder (7.5,0,12,4,,12)}}
}

}

}

A.3 .gen-file for g, vy, 2)

Figure A.2: The trap in SIMION with its eight independent electrodes.

PA _define (241,241,401 ,planar ,non—mirrored , electrostatic)

; defines origin of coordinate system and scale of 10
; origin equal trap center

locate (120,120,200,10,0,0,0)

;ELECTRODE 1 RF
electrode (1) {

locate(0,0,—18.2,1,0,0,0) {
fill {within{cylinder(-7.5,0,36.4,4,,36.4)}}
}

}

;ELECTRODE 2 endcap
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
92
33
54
95
56
o7
98
99
60
61
62
63

electrode (2) {
locate (0,0,6.2,1,0,—90,0) {
fill {within{cylinder(-7.5,0,12,4,,12)}}

}

;ELECTRODE 3 center
electrode (3) {
locate (0,0,—-6,1,0,—-90,0) {
fill {within{cylinder(-7.5,0,12,4,,12)}}

}

;ELECTRODE 4 endcap
electrode (4) {
locate(0,0,—-18.2,1,0,—-90,0) {
fill {within{cylinder(-7.5,0,12,4,,12)}}
}
}

;ELECTRODE 5 endcap
electrode (5) {

locate (0,0,—18.2,1,0,—90,0) {
fill {within{cylinder(7.5,0,12,4,,12)}}
}

}

;ELECTRODE 6 center
electrode (6) {
locate (0,0,—-6,1,0,—90,0) {
fill {within{cylinder(7.5,0,12,4,,12)}}
}
}

;ELECTRODE 7 endcap
electrode (7) {
locate (0,0,6.2,1,0,—90,0) {
fill{within{cylinder(7.5,0,12,4,,12)}}

}

;ELECTRODE 8 RF
electrode (8) {

locate(0,0,—18.2,1,0,0,0) {
fill {within{cylinder (7.5,0,36.4,4,,36.4)}}
}

}
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Un piége a Be™ pour la spectroscopie d’HJ

Résumé: L’objectif du projet est la mesure du rapport de la masse de 1’électron a celle du
proton par spectroscopie vibrationnelle & deux photons sans effet Doppler de HJ . Le refroidisse-
ment des ions HJ est nécessaire et ne peut étre fait que par refroidissement sympathique par
des ions Be* refroidis par laser.

La premiere partie présente la conception et la réalisation d'un piege linéire adapté au con-
finement des ions Hy et Be' et permettant les acces optiques nécessaires pour les lasers et
I'imagerie.

La seconde partie décrit les sources laser a 626 (& base de diodes laser ou de lasers a fibres)
ainsi que la cavité de doublage de fréquence utilisés pour obtenir le faisceau a 313 nm pour
refroidir les ions Be™.

La derniere partie expose les premiers résultats obtenus qui montrent que le montage est
opérationnel. Elle présente 1’observation et la caractérisation de cristaux de Coulomb de
Be™ ainsi que des cristaux de Coulomb mixtes Be*/HJ ou les ions Hy sont créés par im-
pact électronique a partir du gaz résiduel. Ces résultats montrent que le montage est prét pour
réaliser la spectroscopie de Hj .

A Be' Ton Trap for Hj Spectroscopy

Abstract: The objective of the project is to perform high-resolution Doppler-free two-photon
vibrational spectroscopy of the Hj molecular ion for accurate electron to proton mass ratio
determination. Trapping and laser-cooling of the Hj ions is necessary. Since HJ molecular
ions cannot be directly laser cooled, a solution is the implementation of sympathetic cooling
via laser cooled Be™ ions.

In the first part of this thesis the design and implementation of a linear Paul trap is presented.
This trap is suitable to confine Hy and Be™ ions while allowing good optical access for multiple
laser sources and the imaging system.

The second part describes a low power, diode based laser system to provide narrow linewidth
626nm light, and a high power, fiber laser based laser system. Subsequently, a bow-tie cavity is
presented to frequency double the 626nm light to obtain 313nm light for Be™ Doppler-cooling.
In the last part the operational readiness of the trap and the fiber laser based 313nm laser source
is demonstrated by the observation of Be™ Coulomb crystals. Electron impact ionization of Hy
present in the residual gas allows to observe sympathetic cooling and shows that the developed
setup can provide the experimental conditions for precision spectroscopy of Hj .



