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Abstract

The comparison of the g-factors of the proton and the antiproton is a stringent
test of CPT invariance. The state-of-the-art method for the determination of the
(anti-)proton’s g-factor is the application of the continuous Stern-Gerlach effect.
With this method, precisions in the low parts per billion regime could be achieved.
However, preparation times for cold enough particles are on the order of minutes
to hours. The implementation of sympathetic cooling using a co-trapped atomic
ion could lead to preparation times in the milliseconds regime. Furthermore, the
applicability of sympathetic cooling would enable an alternative readout scheme
using quantum logic methods.

This thesis presents a Penning trap system that is designed for ground state
cooling, adiabatic transport, and motional coupling of single “Be* ions. It has been
built in a modular manner, giving the option of adapting it for motional coupling
and sympathetic cooling of single (anti-)protons.

In the course of this work, the prerequisites for motional coupling of Be™ ions
have been fulfilled: A cloud of °Be* ions was cooled to a temperature of 1.7 mK
applying Doppler cooling. The achieved temperature is about three times the Doppler
limit which is 0.5 mK for beryllium ions. Furthermore, a scheme for reproducible
loading of the trap and reducing the particle number was developed. Finally, first
transport in our apparatus was demonstrated with clouds of beryllium ions. The
method used for that is directly applicable to single ions.

The results of this work pave the way towards adiabatic transport of single
9Be™ ions, which is crucial for sympathetic cooling of (anti-)protons in a double-
well potential as well as for implementing quantum logic spectroscopy with single
(anti-)protons.
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Chapter 1

Introduction

The standard model of particle physics (SM) embodies three out of four fundamental
interaction forces, namely the weak interaction, the strong interaction, and the
electromagnetic interaction. However, it does not include gravitation and it cannot
explain known phenomena such as dark matter and dark energy as well as the baryon
asymmetry [Quint14]. Therefore, it is interesting to experimentally test the SM
with the hope of discovering effects that lead to physics beyond the SM. It has been
proved that the SM is invariant to the simultaneous reversal of charge, parity, and
time [Liidersh7]. Therefore, one way of testing the SM are tests of this charge-parity-
time (CPT) invariance. Symmetry breaking was experimentally shown for C and P
[Wub7], T [Lees12], and CP [Christenson64], but CPT symmetry still holds up until
today. A consequence of the CPT theorem is that a particle and its antiparticle
have the same mass, lifetime, charge (except for the sign), and magnetic moment
(except for the sign). Therefore, comparisons of these quantities are stringent tests
of CPT symmetry. In the past, substantial particle-antiparticle comparisons for
testing CPT symmetry have been performed, e.g. the comparison of the electron
and positron g-factors with a precision of 2 - 107! [Van Dyck87], the comparison of
the kaon and antikaon mass with a precision of 7-107* [Schwingenheuer95], and
the comparison of the charge-to-mass ratios of the proton and the antiproton with
a precision of 11072 [Ulmer15].

A Penning trap is a well suited environment for precision measurements with
charged particles such as g-factor comparisons, since a particle in a Penning trap is
a well isolated system with long storage times. For example, antiprotons have been
stored in a Penning trap for more than one year [Sellner17]|. The most precise g-factor
comparison of electrons and positrons was performed in a Penning trap [Van Dyck87].
The most precise measurements of the proton’s and antiproton’s magnetic moments
in a Penning trap have been achieved within the Baryon Antibaryon Symmetry
Experiment (BASE) collaboration. The proton’s magnetic moment was determined
with a precision of 0.3 parts per billion (ppb) [Schneider17] and the antiproton’s



magnetic moment at a precision of 1.5 ppb [Smorral8]. The magnetic moment of
the (anti-)proton can be expressed by

g
Mp/p = §:U’Nv (]']')

where ¢ is the g-factor and uy the nuclear magneton. In a Penning trap, the
g-factor can be determined from the relation

v

g=2 " (1.2)
where v, is the Larmor frequency and v, the free cyclotron frequency of the
particle. The free cyclotron frequency can be determined by measuring the trap
frequencies. A common method for that is the detection of the image current
induced in the trap electrodes by the particle, using an LC circuit [Wineland73].
The determination of the Larmor frequency, which is the spin precession frequency
around the magnetic field axis, is more sophisticated. The state-of-the-art method
is the application of the continuous Stern-Gerlach effect as proposed by [Dehmelt73].
A magnetic bottle is implemented in the trap, often realised by a ferromagnetic
ring, that couples to the particle’s spin resulting in a measurable change of the axial

trap frequency [Dehmelt86].

These methods have enabled seminal achievements in the experimental deter-
mination of g-factors. However, the continuous Stern-Gerlach effect is delicate:
changes of the axial trap frequency on the order of those induced by flipping the spin
of the (anti-)proton can also be induced by a change of the motional energy in the
modified cyclotron or magnetron mode. In the BASE experiment at Mainz, which
is dedicated to proton g-factor measurements, flipping the proton’s spin causes a
shift of the axial trap frequency of 172 mHz [Schneider17], whereas a change of the
modified cyclotron state by one quantum of motion already causes a frequency shift
of 70 mHz [Quint14]. With decreasing temperature of the modified cyclotron mode,
these energy changes of the modified cyclotron mode become less probable since
they scale with the motional quantum number of the modified cyclotron motion
[Ulmer14]. Therefore, it is crucial to prepare the (anti-)proton in a motional state
as low as possible - for the BASE experiment in Mainz it must be below 1.7 K for
the modified cyclotron mode [Smorralba]. This is currently realised by resistive
cooling and applying statistical methods [Schneider17]. With these techniques one
measurement cycle has a typical duration of about 90 minutes, but several hundred
repetitions are necessary to determine the Larmor frequency [Schneider17]. The ap-
plication of techniques that allow faster cooling and achieve even lower temperatures
are desirable.

In atomic physics, laser cooling is a common technique to reach particle temper-
atures in the millikelvin regime and the motional ground state within milliseconds.
Ground state cooling has become a standard method in Paul traps and was reported
many times, first in [Diedrich89]. In Penning traps it was shown for the first time on
a single *°Ca™ ion in [Goodwin16]. However, (anti-)protons do not have an electronic
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structure due to the absence of electrons and are therefore not applicable to laser
cooling. This issue can be handled by using sympathetic cooling. For this, an atomic
ion that can be laser cooled is needed that exchanges its motional energy with the
(anti-)proton. Several concepts to realise the required coupling between the ion’s and
the (anti-)proton’s motion have been proposed and investigated: The most natural
approach would be to store the particles in a common potential well to achieve
direct coupling. This requires negatively charged particles for cooling an antiproton,
especially, to avoid annihilation. However, even though there are candidates, laser
cooling of anions has not become a standard method yet but is still a research field
itself. So far, it was shown by spectroscopy that La~ has transitions possibly suited
for laser cooling [Kellerbauerl5]. Furthermore, laser-assisted cooling of Os™ was
reported in [Cerchiaril9]. Another approach is sympathetic cooling via a shared
endcap electrode which is pursued in [Cornejol6] and [Bohman18]. Starting from
this approach, sympathetic cooling of a proton with a cloud of “Be™ ions via an LC
circuit was recently demonstrated [Bohman20]. A further alternative approach is
the motional coupling of two particles in a double-well potential via Coulomb
interaction as was proposed by [Wineland98|. Motional coupling using a double-well
potential was already demonstrated in Paul traps by [Brownll] and [Harlander11]
but has not been demonstrated in Penning traps yet. Cooling the (anti-)proton to
its motional ground state would offer the additional possibility to determine the
(anti-)proton’s spin state using quantum logic spectroscopy following the approach
of [Heinzen90]. The spin state information of the (anti-)proton is transferred to
an atomic ion via a shared mode of both particles and subsequently detected via
laser-ion interaction.

1.1. Experiment concept

As part of the BASE collaboration, our experiment aims for developing and im-
plementing techniques for improving (anti-)proton g-factor measurements. For
sympathetic cooling of an (anti-)proton, we pursue the approach of coupling the
motional modes of the (anti-)proton and the atomic ion via the Coulomb interaction
in a double-well potential. As the atomic ion for the interaction with protons,
9Be™ was chosen since it is the lightest ion species for which laser cooling has
been demonstrated to date. Low or no differences in mass are crucial for motional
coupling in a double-well potential since the motional frequencies of both particles
must be almost equal [Brownll]. For motional coupling of a positively charged
ion and an antiproton, one well of the double-well potential must be inverted to
maintain trapping of both particles.

The (anti-)proton’s spin state information will first be transferred to the particle’s
motional mode and from there to the co-trapped Be™ ion via motional coupling.
Subsequently, the information from the motional mode is transferred to an electronic
state that is accessible by laser radiation. This technique is called quantum logic
spectroscopy (QLS) and was first demonstrated with an ?"Al* ion as "spectroscopy”
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ion and a ?Be™ ion as "logic' ion [Schmidt05]. In our case the (anti-)proton is
referred to as "spectroscopy' ion and the beryllium ion as "logic" ion. The motional
coupling will be realised via Coulomb coupling in the double-well potential. The
coupling of the motional state and the spin state can be realised by sideband coupling
using a Raman process for the Be™ ion as has been experimentally demonstrated
in [Monroe95] and by implementing a static magnetic field gradient as has been
theoretically shown in [Nitzschke20].

The implementation of QLS with single (anti-)protons as well as motional
coupling of a Be™ ion and an (anti-)proton involve many technical challenges.
Therefore, we will tackle them step by step. Our approach is to first concentrate
on beryllium and show motional coupling between two single beryllium ions, be-
fore protons are involved. For this, we have built an apparatus for production,
cooling, and motional coupling of two single beryllium ions. It consists of several
Penning traps where single traps can be exchanged for the implementation of proton
coupling.

1.2. Outline

This thesis begins with an overview over the theoretical background of the concepts
and methods of the current experiment. Chapter 2 comprises a description of the
Penning trap as well as sections on laser cooling of a beryllium ion in a Penning trap
and Coulomb coupling of two beryllium ions, which are key elements for achieving
the experimental goal of sympathetically cooling a single beryllium ion. Chapter
3 describes the apparatus with a focus on the recent developments with respect
to our former experimental setup [Niemannl9a]. Chapter 4 is dedicated to the
imaging optics. It discusses their design and implementation. Chapter 5 focuses
on particle preparation. It guides through the steps that are taken to produce cold
beryllium ions and presents the measurements that were conducted to characterise
our apparatus. Chapter 6 concentrates on adiabatic transport of single beryllium
ions. It describes and discusses simulations of adiabatic transport in our trap system
as well as the experimental implementation and measurement results that show
evidence of transport. Chapter 7 concludes this thesis and shows and discusses
prospects and further steps that will be taken to reach the aim of sympathetically
cooling a single proton and finally implementing QLS.



Chapter 2

Theoretical background

This chapter gives an overview over the theoretical background of the concepts,
aims, and measurements described in the further course of this thesis. It starts
with a description of the Penning trap as a basis (section 2.1) followed by section
2.2 on laser cooling of a Be™ ion in a Penning trap, which treats Doppler cooling
that was applied within the scope of this thesis (see section 5.3) as well as sideband
cooling and axialisation that will be implemented in the near future (see section
7.1). Furthermore, the level scheme for a “Be™ ion at a magnetic field of 5 T with
the transitions referenced in this thesis is shown. Finally, Coulomb coupling will be
introduced which is the mechanism behind sympathetic cooling of single ions in a
double well potential.

2.1. Penning trap

A charged particle can be confined using electromagnetic fields. However, Earnshaw’s
theorem states that it cannot be confined by purely electrostatic fields [Earnshaw42].
For the confinement of charged particles either a radio frequency (RF) field (Paul
trap) or a magnetostatic field (Penning trap) is needed additionally to an electrostatic
field.

2.1.1. Ideal Penning trap

The calculations for an ideal Penning trap can be found in many textbooks and
articles e.g. in [Ghosh95]. This section gives a brief overview.

In an ideal Penning trap a quadrupolar electric field is superimposed with
a homogeneous magnetic field. The electric field is produced by two endcaps
and a ring electrode, as shown in figure 2.1, which are infinite hyperboloids of
revolution.

The geometry obeys the equation



2.1. Penning trap

Figure 2.1: Sketch of an ideal Penning trap. Cut section view. The electric
quadrupole field (blue) is produced by a hyperboloid ring and two hyperboloid
endcaps. The magnetic field is shown in brown. Figure taken from [Feld15].

2 2
- S =, (2.1)
o 20

where r = /22 + y? and z are the coordinates as indicated in figure 2.1. 2z, and ¢ in-
dicated the distance from the trap centre to the nearest point of the endcaps and ring
electrode, respectively. The endcaps exhibit a voltage difference of U with respect
to the ring electrode. This leads to an electric potential of

U

= (222 — 22 — ). 2.2
oE e (2:2)

¢

The electric potential confines the particle in axial direction (along the z-axis). The
voltage applied to the ring electrode must be negative with respect to the endcaps
to confine positively charged particles. To confine the particle in the radial direction,
the magnetic field is necessary, which is given by

B = Bé,. (2.3)
A particle with charge g experiences the Lorentz force
F=qixB—qVe, (2.4)

which leads to the equations of motion for a particle in an ideal Penning trap:



Chapter 2. Theoretical background

1

i = w + iwgzc (2.5)

. N
Y= —WweT + iwzy (26)
3= —wlz (2.7)

with
q

.= —DB, 2.8
we=2 (2.8)

where m is the mass of the particle and we the free cyclotron frequency. Choosing
an exponential ansatz leads to the solutions

| 4qU
z pr— —_— 5 2'9
v m(228 +13) (2.9)

1
wi = E(wc + Jw? — 2w?), (2.10)

and

1
w_ = §(wc—\/wf—2w§) (2.11)

where w, is the axial frequency, w, the modified cyclotron frequency, and w_ the
magnetron frequency.

2.1.2. Real Penning trap

The ideal Penning trap has perfectly hyperboloid electrodes of infinite extent. The
potential of a real Penning trap deviates from the quadrupole potential due to the
finite size of the electrodes, machining imperfections, and inhomogeneities and tilting
of the magnetic field with respect to the z-axis. Ellipticities in the electric potential
and a tilt of the magnetic field lead to a modification of the trap frequencies such
that the relation between the free cyclotron frequency and the trap frequencies
becomes

2

w? =w? + w? +w? (2.12)

instead of

We = Wy + w_ (2.13)

as for the ideal Penning trap. Equation 2.12 is called the invariance theorem and
has been derived by [Brown82].
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Trap imperfections also lead to an energy dependence of the axial frequency due
to anharmonicities. To compensate these imperfections, guard or compensation elec-
trodes were inserted between the ring and endcaps [Van Dyck76]. These additional
electrodes allow, if suitably formed, to make the trap compensated and orthogonal
[Gabrielse83]. In a compensated trap anharmonicities can be tuned out by carefully
adjusting the compensation voltages. The trap is orthogonal if tuning the correction
voltages does not change the axial trap frequency.

2.1.3. Cylindrical Penning trap

Instead of using hyperboloid electrodes, a Penning trap can be built from cylindrical
rings to allow easier machining as well as optical access [Gabrielse89]. The potential
of a cylindrical Penning trap can be derived starting from Laplace’s equation in
cylindrical coordinates

P® 100 1 9*°®d  9*P
e e 2.14
op*  pop 0?0¢* 022 (2.14)

Its general solution is derived in textbooks on electrostatics e.g. in [Jackson99].
Below, the potential for a five-pole Penning trap consisting of five stacked ring
electrodes, as shown in figure 2.2, is given. Its derivation can be found in [Ulmerl1].
The potential reads

2 & Vicos(knzo) — Vs cos(k,A)

CI)(pa Z, V;) = [
P> e
5 PR— .
n %(gn(knz%) — sin(knzai_1))] (2.15)
=2 knd
AU L A
% Iy(k,ro) sin(kn (2 + 2 )

where k, = nm/A with the total trap length A, d is the spacing between adjacent
electrodes, zo; the start coordinate of the i-th electrode, zo;_1 the stop coordinate
of the i — 1-th electrode, and Iy the modified Bessel function of zeroeth order.
Expanding in z and normalising to the voltage applied to the ring electrode Vg, the
potential becomes

O(0,2) = Va3 0y (2.16)

J=0

with
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Vi Vo V3 W Vs

Figure 2.2: Five-pole cylindrical Penning trap. Cut section view. The ring
electrode is shown in green, correction electrodes in orange, and endcaps in blue. V;
are the voltages applied to the respective electrodes. Sapphire spacers for electrically
isolating the electrodes against each other are shown in white. The endcaps are
divided in three electrodes, each, all held at the same potential in static operation.
This is necessary for transporting the ions (see chapter 6).

1 &\ Vicos(kyzo) — Vi cos(k,A)

Ci = AV n;[ k,
S Vi — Vi, )
+2 gz (sinlnzm) = sin(huzi-0)) (217)
nmy Lo T :
X( )\ ) ]o(k?n”f‘o) Sln(Q(n+j))

The voltages are usually set as follows:
e endcaps: Vge =V =V;=0

e ring electrode: Vip = V3

e correction electrodes: Vg =Vo =V,

The ratio Vog/Vg is called tuning ratio. For the voltage settings given above, C;
can be expressed as

C; = E; + @Dj, (2.18)

Vr
where E; and D; are parameters given by the electrode sizes. The trap geometry
can be chosen in a way that Dy = 0, i.e. the trap is orthogonal, and that Cy =
Cs = 0 can be obtained by chosing an adequate tuning ratio, i.e. the trap is

compensated.
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The axial frequency is, to lowest order, given by [Gabrielse89]

w, = e, (2.19)
m

2.2. Cooling a “Be™ ion in a Penning

trap

There are several methods to cool a particle in a Penning trap such as buffer gas
cooling, resistive cooling, and laser cooling. An overview over these methods is given
in e.g. [Segall4]. This section will concentrate on laser cooling, which is the cooling
method of choice in our experiment due to the capability of achieving temperatures in
the sub-mK regime within short timescales on the order of seconds.

2.2.1. Doppler cooling

For laser cooling in Penning traps, two cases are distinguished: the weak binding
regime where the natural linewidth of the cooling transition is much larger than any
of the trap frequencies and the strong binding regime where the natural linewidth is
much smaller than any of the trap frequencies [Wineland79]. In the case of weak
binding, the ion can be approximated as a free particle and Doppler cooling can be
applied.

For a closed transition the atom can be approximated as a two-level system. If
the atom moves with velocity v in the opposite direction of a light field, it is resonant
with a photon that has a freugency of w = wy + kv, where k is the wave number
of the photon. The atom absorbs the photon which leads to a velocity reduction
of ’Zn—k due to the transmission of the photon’s momentum. The absorbed photon is
re-emitted by spontaneous emission, which causes a momentum kick on the atom in
a random direction. For hot particles this so-called random walk averages to zero
for a large number of cycles and can therefore be neglected.

The scattering force, which is proportional to the scattering rate, is given by
[Foot05]

r I
Frate = hk— , 2.20
tt 2 1+ ISIM T 4(5_{:];1))2 ( )

where 0 = wy — w is the detuning of the laser from the atomic transition, I is the
intensity of the laser, and I, is the saturation intensity given by

m hc

33T

with A being the transition wavelength and 7 the lifetime of the transition.
The fundamental limit that can be reached with Doppler cooling is the Doppler

cooling limit given by

(2.21)

[sat =

10
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hr
kTp = = (2.22)

For beryllium, this gives a temperature of 0.5 mK. In a Penning trap, the total
energy of a particle is given by [[tano82]

E = ;mrzwz + m;(w+ —w ) (wyrt —wor?). (2.23)

It can be seen that for cooling, i.e. reducing the motional amplitudes r;,

energy must be added to cool the magnetron mode. To achieve this, the cooling

beam must be displaced from the trap centre in the radial plane in such a way

that the ion experiences a higher intensity when the magnetron motion is co-

propagating with the cooling beam than when it is contra-propagating. For cooling
the condition

(3)°+9°
Qky05

must hold where a gaussian laser beam with a wavevector ke, that is displaced by
yo along the y-axis is assumed [[tano82].

2.2.2. Sideband cooling

In the strong-binding regime, sideband cooling can be applied to cool the ion to its
motional ground state. Since in this regime, the natural linewidth of the transition
is much smaller than the trap frequencies, sidebands appear at distances of nw; from
the transition in frequency space, where n is an integer and w; the trap frequency
of the respective mode. By exciting these sideband transitions with radiation at
the frequency wg + nw;, motional energy can be added or removed from the system.
This is possible, since the radiation couples the ion’s internal state to its motion.
Assuming a two-level system in its electronic ground state: when radiation at the
first red sideband is applied, the ion is excited and one quantum of motion is
removed. For the first blue sideband, the ion is excited and one quantum of motion
is added. The excited state then decays to the ground state on a carrier transition,
i.e. leaving the motional state unaffected. This leads to a net change of the motional
energy. The scheme is graphically shown in figure 2.3.

The favoured transitions for sideband cooling are not always optical transitions as
e.g. for *Ca™ [Mavadial4]. In beryllium the qubit transition S 1|my = g

—3mr =3)
3

- S 1 |my = %,ml = 5) is used, which is in the microwave regime. Therefore,
for driving this transition either microwaves [Ospelkausll] or a Raman process
[Monroe95] needs to be used. Using Raman transitions, the k vector difference
of the two beams involved needs to have a sizeable overlap with the direction
of the normal mode to be cooled. In our case, their k vector difference needs

to be along the axial direction, since the axial motion shall be cooled using the

11
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In+1)
In)
In—1)
n—2
B | )

In + 1)

n)

n—1)

In—2)

)

Figure 2.3: Sideband excitation. Driving a blue sideband (shown in blue) adds
one quantum of motion, a red sideband (red) removes one. Decaying on a carrier
transition (black) leads to a net change of the motional energy. The ground and
excited state of the two-level system are denoted as |g) and |e). Motional states are
depicted as |n £ 7).

first red sideband. For a more detailed description of sideband cooling, see e.g.
[Wineland79).

2.2.3. Axialisation

Axialisation is the coupling of two modes in the Penning trap using an inhomogeneous
RF field that was first suggested by [Wineland75] for detecting the radial modes
via the axial mode.

For coupling the axial mode to one of the radial modes, an RF drive is applied
to a two-segmented correction electrode which yields an electric field at the trap
centre of [Cornell90]

E = R(Ee™) (2, + 2¢,), (2.25)

where E is a complex amplitude and 2 = |wy F w,| for coupling between the axial
mode and the modified cyclotron mode and magnetron mode, respectively.

For coupling the modified cyclotron mode with the magnetron mode, a RF is
applied to a four-segmented ring electrode which leads a quadrupolar potential and
an electric field [Hrmo19]

~ U
E = F(Qzé’x + 2ye,) sin(Qt) (2.26)
70

at the trap centre. In this case Q2 =w; +w_ = w,.

When axialisation is applied in the presence of laser cooling, the radius of the
metastable magnetron mode can be reduced by efficient cooling of the axial or
modified cyclotron mode, respectively. For coupling of the radial modes, the rate
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Figure 2.4: Be™ level scheme at 4.9997 T. All splittings are given in GHz.

equations describing the radii of the modified cyclotron and magnetron modes are
given by [Powell02]

Py =Qro — 47y (2.27)

r_=—Cry —y_r_, (2.28)

where v, and y_ are the cooling rates for the modified cyclotron mode and the mag-
netron mode and ( is the coupling rate due to the RF field. For ¢? > —~,~_ the radii
of the two modes shrink. If this condition is not met, the particle either stays on a sta-
ble orbit or its orbit extends until it becomes stable [Powell02].
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2.3. Coulomb coupling of two *Be™ ions

2.2.4. ‘Bet level structure

Figure 2.4 depicts the level structure of a YBe? ion at a magnetic field of 4.9997 T.
This level scheme is based on the calculations described in [Paschkel7]. It was used
as a starting point for the experiment and all frequencies given in this thesis are
given with respect to the frequencies shown in the figure.

The m; = % manifold is used. For Doppler cooling, the closed cycle transition

S imy =3,m;=3%) — Ps Imy =32, m; =32) is used. Eventually, the ion can be
non-resonantly pumped into the S% lmy = —%, my = %} state. From there, it can be

repumped via the transition Si |m; = —1,m; =3) — Pi|my; =3, m; =32). The
2

substates of the S 1 state are used as qubit states.

2.3. Coulomb coupling of two ‘Be™
ions

Motional energy can be exchanged between two ions in a double-well potential by
coupling their (axial) motional modes, which allows sympathetic cooling of the
shared mode. This section follows [Brownl11]. The Coulomb potential of particles 1
and 2 is given by

1 q192
4Amey S — T1 + To

O (11, 19) = (2.29)

where ¢y is the permittivity of free space, sy the distance of the potential wells,
¢; the charge and x; the distance from the equilibrium position of particle 7. The
potential can be expanded to

I qiqe Ty — Ty  TIHTE 2119
@(xl,m)zm() S, (1+ P 183 2 _ . ), (2.30)

where the last term describes the Coulomb coupling between the ions in lowest
order. For small deviations of the particles from their equilibrium position, it
becomes

1 qiqe 22179

~ —hQ,(arab + al 2.31
Ares Sq sg (a1a2—|—a1a2), ( )

where a; and alT are the lowering and raising operators of the harmonic oscillator.
Q.. is the rate at which the ions exchange their motional energy and is given

by

_ 4142
 Amegsd/mimay/woiws
where m; and w; are the mass and charge of the respective particles.

For two identical ?Bet ions at a distance of sy = 1.24mm and an axial
frequency of 129kHz, the beryllium ions exchange their motional energy at a

Qez

(2.32)
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rate of Q., = 10s~! which leads to an exchange time of 7., = ﬁ = 157ms
[Meiners18].

15






Chapter 3

Apparatus

This chapter describes the apparatus and infrastructure of the experiment. Figure
3.1 shows a simplified sketch of the apparatus. The heart of the experiment is the
Penning trap stack (section 3.1) that is located in an inner vacuum chamber, the
so-called trap can (section 3.2). This chamber is cooled to 4K by an ultra-low
vibration cryo-cooler to decrease the pressure inside the trap can. This is necessary
to prevent antiprotons, which shall be used in the future, from annihilating. Thermal
contact between the cryo-cooler and the trap can is given by a cylindrical support
structure, the cold stage, that is located inside another cylindrical structure at 40 K
to thermally isolate the system from room temperature. The cold stage is attached
to a superconducting magnet in a way that the trap stack is located at the centre
of the magnet’s room-temperature bore. The whole structure is surrounded by an
outer vacuum chamber.

The cryogenic support structure, the cryostat, and the superconducting mag-
net are not described in this thesis, since this has been done extensively in
[Niemann19a].
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laser access
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5 T magnet
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Figure 3.1: Simplified sketch of the apparatus. The trap stack is shown in
yellow and the trap can in red. The support structure that is cooled by the ultra-low
vibration cryocooler (orange) consists of an inner structure at 4 K (green) and an
outer structure at 40 K (yellow). The outer vacuum chamber is shown in grey and
the superconducting magnet in light grey. Drawing not to scale. The figure was
taken from [Niemannl9b].

3.1. Penning trap stack

The current Penning trap stack is an intermediate step towards the experimental
goals described in section 1.1 and an extension of the setup used in [Niemannl9a].
It has been designed and built for the demonstration of the following applica-
tions:

e Adiabatic transport of single Be™ ions.

e Sympathetic cooling of a ?Be* ion with another ion of the same species via
Coulomb coupling of their motional modes.

e Cooling of a “Be* ion to its motional ground state via sideband cooling.
e Creation of protons with a self-built proton source.

All trap electrodes are made of oxygen free high conductivity (OFHC) copper
plated with hard gold and a diffusion barrier of nickel. They are electrically isolated
from one another by sapphire rings and sapphire balls for segmented electrodes.
The trap dimensions result from a trade-off between manufacturing capabilities,
feasible trap voltages, image charges and currents, as well as heating rates. For
details see [Niemannl9a).

The trap stack is shown in figure 3.2. The beryllium trap (marked in green)
has an inner diameter of 9mm and is designed for the production, preparation, and
detection of single beryllium ions. Beryllium ions are produced via laser ablation

18



Chapter 3. Apparatus
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Figure 3.2: Cut view sketch of the Penning trap stack. The different colours
in the background mark the different traps; yellow: proton source, red: precision
traps, blue: coupling trap, green: beryllium trap. The cooling laser beam and
fluorescence light are depicted in purple. A second laser beam can be sent through
the trap centre perpendicularly to the depicted beam with respect to the magnetic
field passing through the second pair of holes and using the second pair of mirrors.
The dark purple disk in one of the endcaps is the beryllium ablation target. The
ablation beam is fed into the system similarly to the cooling laser beams, but in the
plane perpendicular to the paper plane.
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3.1. Penning trap stack

from a solid beryllium disk implemented in one of the endcaps. The ablation light
is sent into the system parallel to the trap stack onto a curved mirror that deflects
the beam by 90° and focuses it through a hole in the endcap onto the beryllium
target [Niemannl9a). In terms of preparation, Doppler cooling as well as sideband
cooling can be implemented in the beryllium trap. For this purpose, holes with
a diameter of 1.5 mm have been drilled in the endcaps that allow sending laser
beams through the trap centre at an angle of 45° with respect to the magnetic field,
which is oriented parallel to the trap stack. Laser beams are sent into and out of
the system parallely to the trap stack. Two pairs of mirrors are attached to the
stack’s support structure to deflect the laser beams at an angle of 45° (Laseroptik,
coating: B-02250-01) and 135° (Edmund Optics, #45-602), respectively. The laser
beam trajectory that is used for the Doppler cooling laser is depicted in figure
3.2. A second laser beam can be sent into the system co-propagating but with a
displacement of 6 mm between the beams. This second beam is then deflected by
the other pair of mirrors and crosses the trap centre in the same radial direction
as the first beam but counterpropagating with respect to the axial direction. This
wavevector difference is necessary for the implementation of sideband cooling using
Raman transitions and therefore to achieve ground-state cooling. In this trap,
beryllium ions can be detected via fluorescence detection. Towards this end, a
custom aspheric lens that collects the fluorescence light is attached to the trap
stack (for details see section 4 and appendix A. The lens is electrically shielded
from the trap with a gold mesh (precision eforming, MG9) clamped between two
electrodes at a distance of 1 mm from the lens. The mesh has a wire line width of
61 pm and an opening width of 785 pm, which leads to a maximum transmission of
86 %. This gold mesh replaced the previous finer mesh that has led to diffraction
of the fluorescence light [Niemann19a]. The ring electrode of the beryllium trap is
segmented into four segments of equal size. This allows for applying an RF dipole
potential for exciting the radial motion of the ion as well as an RF quadrupole
potential for implementing axialisation.

The coupling trap (marked in blue) has an inner diameter of 8 mm. It consists
of ten relatively thin electrodes with a thickness of 2.25 mm and an electrode spacing
of 0.14 mm that allow creating a double-well potential, which is needed for Coulomb
coupling of two beryllium ions.

Two precision traps (marked in red) with an inner diameter of 9mm are
implemented in the trap stack. They are compensated and orthogonal and adapted
from [Schneider14]. One of the traps (the lower one in the figure) is connected to two
resonators for measuring radial and axial trap frequencies, respectively, using image
current detection. The resonators were built at BASE CERN. Detailed information
about the design and measurement principle can be found in [Borchert17] and
[Smorral5b]. The precision traps can also be used for storing beryllium ions and
protons.

A proton source (marked in yellow) is attached at the end of the trap stack.
It contains an electron gun and a poly-ethylen target for proton production. Details
can be found in [Pick17] and [Pulido19].
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264 mm

Figure 3.3: Trap stack mounted in the trap can. Cut section view. For
details see text.

3.2. Trap can

The trap stack is mounted in an inner vacuum chamber called "trap can'. This
chamber is pumped out! by a turbo molecular pump and a scroll pump and closed
before it is mounted to the support structure. Its purpose is to achieve extremely
low pressures of down to the low 107! mbar regime [Sellner17] at the trap stack to
increase the lifetime of antiprotons that will be injected into the system in the future.
Another effect of the trap can is that it blocks stray light that could otherwise
disturb the imaging.

The trap can consists of a cylinder made from OFHC copper and two lids. The
trap can is sealed with indium wire. A cut section view of the trap can with the
trap stack inside is shown in figure 3.3. The basic design of our trap can was taken
from [Ulmer11]. However, we had to modify it for our purposes; especially, windows
had to be implemented to allow optical access for the laser beams and fluorescence
light.

The lids for the trap can are shown in figure 3.4. They consist of a ring made of
OFHC copper and a steel plate vacuum-soldered on top of it. Electric feedthroughs
for applying voltage signals to the trap electrodes are welded into one of the steel
plates (right side in the figure). This lid also contains a window to allow the light
from fluorescence detection to leave the trap can. The other lid (shown on the
left) has a pinch-off tube for sealing the trap can after vacuum pumping as well as
three windows: two for sending in and out the cooling and repumping laser beams
and one for sending in the ablation laser. All the windows are anti-reflection (AR)
coated for wavelengths of 313nm and 235nm (Laseroptik, B-14/996) and indium
sealed.

Before installing the trap stack, the empty trap can was sealed and a leak test

IThe pressure values are discussed further below in this section.
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3.3. Optics setup

Figure 3.4: Trap can lids. The lid on the left contains two windows (15mm
effective diameter) for the cooling laser beams and one window (8.7 mm effective
diameter) for ablation beam access. The lid on the right contains a window for
fluorescence light (15 mm effective diameter) as well as electric feedthroughs for
supply of DC and RF signals for the traps as well as high voltage signals for the
proton source.

was carried out. Pressures lower than 5-10~* mbar at the trap can could not be
reached while pumping and it was found that some of the electric feedthroughs
were leaking. For sealing the feedthroughs a sprayable silicon resin (Kurt J. Lesker,
KL-5-16A) was applied from the outside of the trap can. After sealing, the empty
trap can was pumped again to a pressure of 3 - 1077 mbar. When pumping was
stopped, the pressure rose to the low 1073 mbar regime within about half an hour
and then continued rising at a rate of rise of 2 - 107® mbar/s. After installing the
trap stack inside the trap can, the measurements were repeated. The trap can was
pumped down to a pressure of 21077 mbar. When stopping the pump, the pressure
rose to the low 1073 mbar regime within about 15 minutes. Afterwards, it rose more
slowly at a rate of 4.1 - 1077 mbar/s. The trap can was pinched off just before it
was installed on the support structure. The surrounding vacuum system was closed
on the same day and the vacuum pumps were started. After pumping for one week,
the cryostat was turned on. The trap can passed the boiling point of nitrogen after
18 hours.

3.3. Optics setup

The optics for sending the laser beams to the trap as well as the imaging optics
need to be placed as close to the Penning trap stack as possible. Since the size of
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Figure 3.5: CAD drawing of the apparatus. For details see text.

our laboratory does not allow placing optical tables next to the apparatus, movable
platforms are installed close to the vacuum chamber. Those platforms can be removed
for opening the vacuum system. Figure 3.5 shows a Computer-Aided Design (CAD)
drawing of the complete apparatus. On the left side, the optical table (called
"(optical) table 2" throughout this chapter, which carries the optical components for
laser beam delivery, is depicted. It is a custom non-magnetic steel construction from
Ametec. The table is equipped with anodised aluminium walls and lids for laser
safety and to protect the optical components from fast temperature fluctuations as
well as air currents. On the right side, a platform carrying optical elements, a photon
multiplier tube (PMT), and an electron-multiplying charge-coupled device (EMCCD)
camera is mounted to the apparatus’ support structure. It is a self-built platform
consisting of an 60 cm by 60 cm aluminium breadbord (Radiant Dyes, 600x600x12mm
anodised aluminium) bolted onto aluminium profiles.

3.3.1. Laser beam delivery

For laser manipulation of “Be™ ions lasers at a wavelength of 313 nm are required.
We use self-built laser systems, where light at a wavelength of 626 nm is produced
via sum frequency generation from 1050 nm and 1550 nm. This light is subsequently
frequency doubled to 313nm. A full description of the laser systems can be found
in [Idel16].

Two of these laser systems, one for Doppler cooling and one for repumping, have
been set up on a floating optical table. In the following, the beam delivery will
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3.3. Optics setup

be described for the Doppler cooling laser shown in figure 3.6. The setup for the
repumping laser is identical. The light is sent through an acousto-optic modulator
(AOM) (Gouch & Housego, I-M110-3C10BB-3-GH27) in double-pass configuration
for laser power stabilisation, laser switching, and fast frequency shifting. After
passing the AOM, the light is delivered to a second static optical table (optical
table 2), which is situated at the vacuum chamber, via a hydrogen loaded and cured
photonic crystal fibre (NKT Photonics, LMA-10-PM) [Marciniak17]. On this table,
the light passes a telescope that increases the diameter of the collimated laser beam
to 6 mm. This is necessary to achieve a focus size as small as possible in the trap
centre. Behind the telescope the laser beam passes a half-wave plate that rotates
the polarisation direction of the linearly polarised beam for maximising the power
behind the last beam splitter. A quarter-wave plate is inserted for matching the
polarisation for the o™ Doppler cooling transition when crossing the trap centre at
an angle of 45° with respect to the magnetic field. It was calculated that between
2 % and 75 % of the power contribute to driving the Doppler cooling transition
in our setup depending on the polarisation of the laser beam. Before entering the
vacuum system, the light passes a lens (CVI Laser Optics, PLCX-25.4-772.6-UV-
248) with a radius of curvature of 772.6 mm that focuses the laser beam in the
trap centre at a distance of about 1.5m. The lens is mounted on motorised piezo
stages (Physikinstrumente, Q-545.240) that can move the lens perpendicularly to
the beam’s travelling direction for moving the focus position at the trap centre. A
50/50 beamsplitter ( Thorlabs, BSW20) is used for overlapping the Doppler and
the repumping beam. At the remaining port of the beamsplitter a power head
(Thorlabs, S130VC') is installed to monitor the laser powers. All laser power levels
given in this thesis are measured at that position.

The laser for ablation is a frequency-doubled Nd:YAG pulsed laser (532 nm) with
a pulse length of 5ns to 7ns and an energy of up to 14mJ (Continuum, Minilite I).
Its laser head is located on table 2 (not shown in the drawing). For not ablating
material during alignment, it is overlapped with a low-power continuous-wave laser
at the same wavelength.

3.3.2. Imaging setup

The imaging optics consist of an aspheric lens attached to the trap stack (see fig
3.2) for collecting the ion’s fluorescence light, optical elements outside the vacuum
for focusing the fluorescence light, ultraviolet (UV) filters, a PMT, and an EMCCD
camera. The optical elements outside the vacuum can either be a single plano-convex
lens or an aspheric lens and a focusing objective. For more details see chapter 4.
The imaging setup outside the vacuum system is shown in figure 3.7. Outside the
vacuum system, the fluorescence light is collected by a lens that can be moved in -,
y-, and z-direction and tilted around the x-, and y-axis to compensate misalignment
of the lens attached to the trap stack. The lens directs the light onto a motorised
flip mirror that either deflects it onto the PMT (Hamamatsu, H8259-01) or lets it
pass onto the EMCCD camera (Andor, iXon A-885-KCS-VP) mounted on a 3-axes
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Figure 3.6: Setup for beam delivery. For details see text. Most of the compo-
nents for creating this drawing were taken from [Franzen].

translation stage. The flip mirror is rigidly connected to the camera and the PMT
and it is mounted in a light tight housing to protect the PMT from stray light.
Therefore, it is not possible to align the flip mirror once the imaging optics have
been setup. When aligning the imaging optics, the EMCCD camera is used as a
reference for good alignment. The PMT can only be aligned by moving the EMCCD
camera. This can lead to the case that either the PMT or the EMCCD camera
is not hit centrally. This can lead to parts of the fluorescence light missing the
detectors, because the image size for an ion cloud is on the order of the detectors’
chip sizes. Since this occured in our case, the imaging setup was optimised for
photon count numbers with the PMT. To further protect the PMT, a UV bandpass
filter (Thorlabs, FGUV11-UV') was placed between the flip mirror box and the
PMT. If a focusing objective and an aperture are used, they are rigidly attached to
the flip mirror box to mitigate misalignment between the components. However,
the aperture can be slightly moved in x-, y-, and z-direction to align it with respect
to the fluorescence light. Since the focusing objective is heavy, it is supported by a
construction with two teflon plates. This avoids bending of the objective due to its
weight but still allows for alignment due to the teflon plates sliding on each other.
A second UV bandpass filter was mounted either before the aperture or before the
single lens, if no aperture and focusing objective are used (not shown in the cut
section view) to protect the camera from stray light. This filter can be removed for
alignment of the ablation laser beam. For details on the characteristics and design
of the imaging optics see sections 4 and A.
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Figure 3.7: Imaging optics setup. Cut section view of the imaging components
outside the vacuum. The lens (red) that directs the fluoresence light coming out of
the vacuum system onto the detectors is attached to a five-axes alignment stage.
Optionally, a movable aperture (yellow) as well as a focusing objective (turquoise)
can be implemented. Using the flip mirror (blue) the light can either be directed
onto the EMCCD or the PMT, which is protected by a UV bandpass filter (purple).
The PMT, the EMCCD, the flip mirror box and, optimally, the focusing objective
are rigidly attached to each other and are mounted on a three-axes translation stage.
For details see text.

3.4. Trap wiring and electronic
infrastructure

Figure 3.4 shows the wiring of the beryllium trap and the coupling trap. The DC
signals are filtered by three identical low-pass filters, each placed at a different
temperature stage. The filters consist of a resistor with a resistance of 5k{2 and a
capacitor with a capacitance of 4.7 nF. This leads to a cut-off frequency of 1.3 kHz,
which is a trade-off between supressing noise and allowing fast adiabatic ion transport.
The DC voltages are generated by a self-built programmable arbitrary waveform
generator (AWG) named "PDQ" [Bowler13]. The PDQ generates DC voltages in the
range of 10V at an update rate of 50 MHz and a resolution of 16 bit. Electrodes
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Figure 3.8: Electronics for the beryllium trap and the coupling trap. The
numbers on the electrodes denote how the electrodes are counted throughout this
thesis. Figure taken from [Niemannl9a] and adapted.

1 to 11 are amplified by a self-built amplifier to £30V.

In the beryllium trap the four segments of the ring electrode as well as one
of the correction electrodes are equipped with RF lines for exciting the axial and
radial motion of the ion and for applying axialisation. The RF signal is generated
by an amplitude tunable direct digital synthesis (DDS) (m-Labs, Sinara 4410 DDS
"Urukul"), which provides an output power between -21.5 dBm and 10 dBm. Fixed
attenuators are included in the lines to reduce the power level by 40 dB for the axial
line and 60 dB for the radial line. These values were determined experimentally.
For these electrodes, the cut-off frequency of the direct current (DC) lines changes
to 1.2kHz due to an additional resistor with a resistance of 1 M{2 and a capacitor
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with a capacitance of 33 pF, which is part of a capacitive voltage divider in the
excitation line with capacities of 150 pF as well as the above mentioned 33 pF to
ground.

The wiring for the precision trap was adapted from [Schneider14]. The details for
wiring these traps are omitted, since all measurements for this thesis were conducted
in the beryllium or coupling trap.

3.5. Experiment control

For controlling the experiment, the control system ARTI(Q) (Advanced Real-Time
Infrastructure for Quantum physics) from m-Labs [mLabs] is used. It is a modular
experiment control system that allows executing experimental sequences in real
time, once the experiment code is compiled. It provides several hardware modules
as well as a software. In this thesis the hardware modules DDS (Sinara 4410/4412
DDS "Urukul"), digital-to-analog converter (DAC) (Sinara 5432 DAC "Zotino"),
and transistor-transistor logic (TTL) (Sinara 2118 TTL cards) were used. The
interface between the software and the hardware is the field programmable gate
array (FPGA) based module Sinara 1123 Carrier "Kasli". The software Artiq
Master communicates with Kasli via network. Besides compiling code for Kasli
that is executed in real time, any Python-controllable non-proprietary device can
be implemented e.g. via network or serial interface. The PD(Q takes a special role
being no ARTI() hardware module but nevertheless operating in real time. For
timing Kasli, an internal clock is used.

An overview over the experiment control infrastructure is given in figure 3.9.
The Artig Master controls a wavelength meter (Highfinesse, WSU-2) that is used
for stabilising the fundamental frequencies of the cooling and repumping lasers
with respect to a helium-neon laser with an accuracy of 2MHz. The RF signal
for running the AOMs is generated by Urukul and amplified by an adjustable
10W RF amplifier developed at Physikalisch-Technische Bundesanstalt (PTB). The
proportional-integral-derivative (PID) controller for power stabilisation of the AOM
is a 2-level sample and hold (S&H) regulator built at PTB. Its setpoint is controlled
by Zotino. TTLs are used for steering the flip mirror in the imaging setup (output
mode) as well as for registrating PMT counts (input mode). The excitation signals
for the beryllium trap are generated by Urukul and the DC signals as well as the
waveforms for ion transport by the PDQ.
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Figure 3.9: Experiment control infrastructures. Some components for creat-
ing this drawing were taken from [Franzen].
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Chapter 4

Imaging optics

For cylindrical Penning traps, there are two common ways of implementing fluores-
cence detection: The ions can either be detected in the radial direction or in the
axial direction. In the case of the radial direction, some of the fluorescence light
travels through a hole in the ring electrode and is then collimated or focused by
a lens. It must be deflected about 90° outside the trap to guide it parallel to the
trap axis out of the magnet as has been done by [Mavadial3]. Radial imaging is
not applicable to our system. Even though our magnet has a bore with a diameter
of 160 mm implementing this approach is technically challenging since the bore is
filled with support structure to provide a good thermal contact between the trap
and the cryostat (see chapter 3). Furthermore our ring electrode only has a length
of 1.3 mm. That means only a small fraction of 0.3% of the fluorescence light would
travel through a hole of 1 mm diameter in this electrode. Therefore we collect the
ion’s fluorescence along the axial direction. In this case the light leaves the trap in
the axial direction and is then collimated or focused with a lens. In this direction
we can collect a fraction of 1.6% of the light scattered by the ion.! The design of
the imaging optics is described in section 4.1.

4.1. Design

Designing the imaging optics, two goals were pursued: The primary goal was to
guide as much light from the ion as possible onto a PMT. The secondary goal was
to optimise the imaging quality to image the ion on a CCD chip in order to be able

!Please note that the given fractions are only rough estimates: Sphere segments were approxi-
mated by disks. Furthermore, the spatial intensity distribution of the fluorescence light was
approximated to be spheroidal. However, for o+ polarised light (6, ¢) o H‘}ﬁ where ¢ is
the angle in the plane perpendicular to the magnetic field lines and 6 the azimuthal angle with
respect to the magnetic field [Hertell7]. So along the axial directions more light is emitted
than along any axis in the radial plane.
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Figure 4.1: Beryllium trap with focusing lens. Cut section view of the
beryllium trap. The aspheric lens (shown in beige) is attached to the trap stack
and guides the light through the cold stage to the outside. An intermediate focus
can be found at a distance of 548 mm from the lens. The trapcan window as well as
the vacuum window position are indicated by the lines in light blue (not to scale).
The trap electrodes are shown in yellow, their cut surfaces in brown. Sapphire rings
and balls are depicted in light grey. For details see text and figure 4.2.

to determine not only the amount of light but also the radial distribution of the
light at the trap centre. Therefore a focusing lens was placed as close as possible to
the trap centre, namely directly attached to the trap stack at a distance of 18.9 mm
from the trap centre as shown in figure 4.1. The limiting aperture is the inner
diameter of the beryllium trap, which is 9mm and extends along the trap axis to
the end of the endcap which is at a distance of 17.8 mm from the trap centre. This
corresponds to a numerical aperture of 0.25, a solid angle of 0.2 sr, and an opening
angle of 28.7° in any plane along the trap axis, respectively. From the trap centre
the light has to travel a distance of 1042 mm before it leaves the vacuum system
(see chapter 3).

Optical elements for imaging that are placed inside the vacuum system must
be attached to the trap stack or the 4 K-stage. They could be misaligned by
machining tolerances of the trap stack and the stage, respectively, or due to material
contraction while cooling the system from room temperature down to 4 K. Therefore,
we refrained from placing additional lenses inside the vacuum system, since we
cannot align elements inside the system once it is closed. Although motorised
stages that work at cryogenic temperatures exist, they are very expensive and space
consuming and would not fit inside the apparatus.

The focusing lens attached to the trap stack needs to guide the collected
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Figure 4.2: One-to-one imaging. The light scattered by the ion is projected to
the image plane that lies outside the vacuum with a magnification of 1. This is
achieved by two identical aspheric lenses that are placed in opposite orientation at
a distance of 2d where d denotes the distance from the aspheric lens on the left side
to the intermediate image of the ion. The aspheric lenses have radii of curvature of
Ry = 54.8mm and Ry, = 12.3mm. Drawing not to scale.

fluorescence light out of the vacuum system. Besides, the imaging optics should be
insensitive against tilting the focusing lens by 1° and displacing it by 0.1 mm radially
from the optical axis to account for the possible misalignment mentioned above.
Furthermore, the imaging quality should be as good as possible while keeping the
total number of needed elements as small as possible to guarantee a robust system
that is straight-forward to align.

To meet all these goals, the lens attached to the trap was self-designed in a
way that it focuses the light from the trap centre at a distance of 548 mm which
is slightly more than half way from the trap centre to the vacuum window. To
reduce spherical aberrations, the lens’s surfaces are aspheric. For the lens design,
the software OpticStudio by Zemazx was used. Details on the optimisation process
and lens parameters can be found in appendix A.

By placing a copy of the lens in reversed orientation and identical distance
to the focus, a one-to-one imaging of the ion outside the vacuum is achieved as
shown in figure 4.2. This real image can be further imaged as described in section
4.1.1.

4.1.1. Application options

Although we aimed for one-to-one imaging when the aspheric lens was designed,
there are several possibilities to image the light outside the vacuum. In this thesis
two approaches are described and discussed that use as few optical elements as
possible to reduce complications during alignment.

i Taking the one-to-one imaging shown in figure 4.2 as a starting point, a
focusing objective can be used to magnify the image and focus the light onto
the detector as depicted in figure 4.3 (a).

ii The aspheric lens outside the vacuum can be replaced by a spheric lens that
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4.1. Design

directly focuses the light onto the detector as shown in figure 4.3 (b) and (c).

Both application options exhibit advantages and disadvantages. The advantage
of option (i) is that it has an intermediate focus outside the vacuum that allows
for spatial filtering. By inserting a circular aperture in the focus, stray light not
originating from the trap centre can be blocked. This leads to an increased signal
to noise ratio on the detector. The downside of this system is that the distance
between the aspheric lens outside the vacuum and the microscope objective is critical
for imaging due to the large numerical apertures of both the aspheric lens and
the focusing objective, which leads to a small depth of focus and depth of field,
respectively. For a deviation of a few millimetres from the ideal distance, no image
can be found on the EMCCD camera. Option (ii) is simple in alignment since it is
robust with respect to the exact distance between the lenses. Even if the distance
between the lens and the camera deviates by several millimetres, a defocused image
will be created on the EMCCD camera which then can be optimised by adjusting
the distance. Because of the lack of an intermediate focus outside the vacuum,
spatial filtering is not possible in this setup. Both systems are relatively insensitive
to the exact distance between the in-vacuum lens and the first component outside
the vacuum, since deviations from the simulated distance cause only small shifts of
the image position. For a deviation of x from the ideal distance, the image plane
moves by £ for options (a) and (b) and 5 for option (c). Issues only occur when
the distance expands to the point where clipping occurs.

4.1.2. Testing

Before implementing in the experiment, the imaging optics shown in figure 4.2
(b) were experimentally tested in the laboratory in a test setup (see figure 4.4).
Since for that purpose no light at a wavelength of 313nm was available, a UV
light-emitting diode (LED) irradiating light at a wavelength of 315 nm was used.
This leads to deviations of up to 3 % in the ideal distances between the optical
elements.

In the test setup the UV LED was mounted on an optical table and a USAF
1951 bar target was attached to it. This target simulates the ion, i.e. it is located in
the object plane. At a distance of 18.9 mm the aspheric lens, which was mounted on
a tiltable stage, was placed. The plano-convex lens and the EMCCD camera were
aligned such that the image was centered on the camera and as focused as possible
(see figure 4.5). The optical componentes were coarsely placed and deliberately
without using an optical bench. This was done since the alignment of the aspheric
lens might not be perfect due to machining imperfections of the trap stack or to
cooling down the trap stack to 4 K.

The aspheric lens was tilted around an axis perpendicular to the optical axis by
2° in each direction although no tilts larger than 1° are expected in the apparatus.
All other components were kept fixed. After tilting, the image of the centre of the
bar target was still visible on the EMCCD chip. From figure 4.4 a magnification of
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Figure 4.3: Imaging optics options. The blue line represents the vacuum
window. Purple lines indicate the path of the fluorescence light. The CCD camera
and PMT are implemented for all three systems as shown in (b). The green line
represents a motorised flip mirror for switching between the CCD camera and the
PMT. Option (a): An intermediate focus outside the vacuum is created using a
copy of the aspheric lens attached to the trap stack (one-to-one imaging). Radii
of curvature are Ry = 54.8 mm and R, = 12.3mm. The focusing objective is the
stock component number LMU-10x-UV from Thorlabs. Its exact composition is not
specified. Option (b): Plano-convex lens number #48-289 from Edmund Optics.
R3 = 80.23mm. Option (c): Plano-convex lens with custom AR coating from
Laseroptik Garbsen. Ry = 50mm. All lenses are made from fused silica and are
coated with a dielectric coating that is suitable for light with a wavelength of 313 nm.
The magnification of options (a) and (b) is 11. Option (c) has a magnification of 6.
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4.2. Implementation

Figure 4.4: Imaging optics test setup. The bar target is represented by the red
line. The radii of curvature are Ry = 54.8 mm, Ry = 12.3mm, and R3 = 80.23 mm.
Between the UV LED and the bar target, a diffuser Thorlabs, DGUV10-1500 is
placed (not shown in drawing) to reduce coherence of the light source to avoid
interference effects at the bar target. Drawing not to scale.

Figure 4.5: Optimised image of a bar chart. The test setup shown in figure
4.4 was used. For details see text.

12 was determined. Although the simulations predicted a magnification of 11, the
results are in good agreement since reducing the distance between the ion or bar
target and the aspheric lens by only 30 pm in the simulations leads to a change of
the magnification from 11 to 12.

4.2. Implementation

All imaging systems shown in figure 4.3 were implemented in the experiment one
after another. First, the setup creating a one-to-one image which is then magnified
by a focusing objective (4.3 (a)) was implemented. With this system, clear images of
the ions could be obtained. However, the magnification was different than expected.
Although we cannot determine it since we do not know the radial spread of the
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ion cloud in the trap, we could create situations where the ion cloud filled the
complete chip area of the EMCCD camera. With a chip size of 8mm by 8 mm and
a magnification of 11, this would lead to a radial extent of the ion cloud of 0.7 mm.
But from simulations, the imaging system can only image a circular area with a
diameter of 0.3 mm in the radial plane due to the small entrance aperture of the
focusing objective. This means that the imaging system has a larger magnification
than expected. The first assumption was that the imaging optics were poorly aligned.
Since this system is more complicated to align than the imaging systems that only
use a plano-convex lens instead of an aspheric lens and a focusing objective (4.3
(b) and (c)), we decided to exchange the imaging system for the system with a
plano-convex lens with a radius of curvature of 80.23mm (f ~ 175mm, 4.3 (b))
to evaluate whether we receive more meaningful results with this version since it
worked well in our previous experiment setup [Niemannl9a]. However, it was not
possible to image the ions with that configuration. Therefore, we replaced the
plano-convex lens by plano-convex lenses with radii of curvature of 50mm (f ~
100 mm) and 25 mm (f ~ 50 mm), respectively. For both configurations imaging of
the ions was possible. Finally, the lens with a radius of curvature of 50 mm was
implemented in the experiment.

A possible explanation for this behaviour is that the distance between the ion
and the lens attached to the trap is smaller than designed. This would cause a shift
of the intermediate focus towards the vacuum window. For a reduction of 300 pm of
the ion-lens distance, the distance between the R = 50 mm plano-convex lens and
the EMCCD camera increases by 21 cm. Since the space on our imaging platform is
limited (see section 3.3) it was not possible to compensate such shifts. If the distance
between the ion and the aspheric lens was reduced by 400 pm, the intermediate
focus would lie in the focal length of the plano-convex lens. Thus, no real image can
be formed. However, when using a plano-convex lens with a smaller focal length or
the aspheric lens and the microscope objective, the ions can be imaged. This leads
to the assumption that either the distance between the aspheric lens attached to
the trap and the trap centre is smaller than expected due to machining tolerances,
or that the potential minimum of the electric field is not located in the geometrical
trap centre. Since the electrodes have been machined to a precision of 10 pm and
only four electrodes are placed between the aspheric lens and the trap centre, the
first assumption can be excluded. Furthermore, the electrodes are gold-plated which
would rather lead to a larger than to a smaller electrode thickness. A hint for the
latter assumption is given by the observation that the image is defocused when the
tuning ratio is changed. Figure 4.6 shows that the image is focused on the EMCCD
chip for a tuning ratio of 0.9, which is the tuning ratio that was applied to the
trap when the imaging optics were aligned. When changing the tuning ratio in
either direction, the image is defocused, even though this should not affect the ions’
position. This leads to the assumption that the electric potentials created by the
correction electrodes are not exactly the same so a change of the tuning ratio leads
to an axial displacement of the ions.

Besides the defocus the image moves in the radial plane. A movement along the
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4.2. Implementation

Figure 4.6: Ion cloud for different tuning ratios. Tuning ratios are: 0.87 (a),
0.88 (b), 0.89 (c), 0.90 (d), 0.91 (e), and 0.92 (£).

trap axis is translated into a radial movement of the image on the camera when
the trap axis is not parallel to the optical axis of the imaging optics. But this
radial displacement cannot be fully explained by a misalignment of the imaging
optics: When the trap depth was varied at a fixed tuning ratio, the image moved in
the radial plane but no defocus could be observed (figure 6.7). Furthermore, one
segment of the ring electrode seems not to be correctly connected (for more details
see 6.2). Therefore we conclude that the electric field is not radially symmetric at
the centre of the beryllium trap.
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Chapter 5

Particle preparation and trap characterisation

The aim for the current experimental apparatus is to sympathetically cool a single
beryllium ion using a second co-trapped beryllium ion. The two ions shall exchange
their motional energy via Coulomb coupling of their motional modes in the coupling
trap. To reach this goal the following ingredients are needed: Two single Be™ ions,
one of them being in a low state of motional energy (cold) or at least in a lower
motional state than the other one. This colder ion must initially be stored in the
coupling trap and the hotter ion in the beryllium trap. Furthermore, adiabatic
transport of single ions through the trap stack must be realised to allow shuttling
single ions from the beryllium trap, where they are produced, to the coupling trap
and back without motional heating (for details on adiabatic transport see chapter
6). Finally, one needs a method to determine the particle number in the beryllium
trap as well as the ion temperature (even though it is not indispensable to know the
exact temperature it is necessary to be able to distinguish whether the particle’s
motional energy has increased or decreased after the motional energy exchange with
the other ion).

There are basically two ways to produce single beryllium ions in a trap. One could
either load the trap with a single ion or load several ions and then remove ions from
the trap until only one is left. For directly producing single ions, one needs a process
that produces a vapour of neutral beryllium atoms (this could either be achieved
by using an oven [Brewer88], [Marciniak20] or by laser ablation [Wahnschaffel6])
and a photoionisation laser that ionises individual atoms from that vapour. Since
our system does not have the technical prerequisites for photoionisation and it is a
large technical overhead to maintain and introduce the required laser system at a
wavelength of 235 nm, we pursue the second approach, namely to load a cloud of
several ions and then reduce the particle number. Following this approach, there
are again two different ways to end up with a single "cold" ion in the coupling trap
and a single "hot" ion in the beryllium trap. The first way is to load a cloud of ions,
reduce the number of particle to one, cool it, move it to the coupling trap, and store
it there while repeating the procedure to gain a second ion in the beryllium trap.
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5.1. Trap loading

The second way is to load a cloud of ions, reduce the number of particles until two
ions are left, cool these two, move one of them to the coupling trap and heat the
remaining particle in a controlled manner. Our loading procedure will be discussed
in section 5.1 and the particle number reduction in 5.2. The topics cooling and
temperature determination are treated in section 5.3.

Another mandatory prerequisite for adiabatic transport and Coulomb coupling
is the knowledge of the trap frequencies. These will be determined in section
5.4.

Please note:

e All detunings in this chapter are given relative to the calculated atomic
transition (see section 2.2.4).

e Although there is some evidence of formation of ion Coulomb crystals through-
out this thesis the term "cloud" is used, no matter whether the ions form a
Coulomb crystal or not. The ion Coulomb crystals in our trap have not been
characterised, since the experimental goal is to work with single ions.

e In our case all ion cooling is achieved via Doppler cooling on the closed

transition S% imy = %,ml — %) SN p% Imy = %,mz _ %>

e The term "heating of the magnetron mode" is referring to an increase of the
mode’s kinetic energy.

e All laser powers given throughout this chapter have been measured at a fixed
position (1) on the laser platform (see section 3.3.1 for the exact position).
From this point the beam passes different optical elements and a vacuum
window before it arrives at the trap centre. Behind the trap centre it passes
another two mirrors (UV enhanced aluminum coating) and a vacuum window
before it leaves the vacuum system. 54 % of the power at position (1) arrive
at this point. We expect the power in the trap centre to be around 75 %
of the power measured at position (1) but an accurate number cannot be
given. Hence the powers given in this chapter must be understood as relative
measures.

e The beam waist radius in the trap centre is estimated to be 75 um. Since this
value is only estimated and we do not know the exact laser power and laser
beam position in the trap centre, the intensity cannot be determined.

5.1. Trap loading

Our attempt for loading is to produce a cloud of beryllium ions in the trap centre by
hitting a solid beryllium target with a ns pulse laser at a wavelength of 532 nm (see
section 3.1). The laser beam is focused onto the target and directly produces beryl-
lium ions. The exact physical process how the ions are created is not clear. Previous
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Chapter 5. Particle preparation and trap characterisation

attempts of creating a neutral beryllium vapour by running the ablation laser at a
lower power and subsequent ionisation via a 2-photon process using a second laser
at 235 nm were unsuccessful. For details see [Niemann19a].

The ns-pulsed ablation laser used for loading our traps is operated in single shot
mode by manually triggering its Q-switch. The laser is focused onto a beryllium
target located in one of the endcap electrodes (section 3.1) where it produces
beryllium ions.

The following steps are taken to capture an ion cloud in the trap centre:

i

i

il

iv

A trapping potential of —1V at the ring electrode and a tuning
ratio of 0.88 is applied to the trap. This voltage was experimentally
found: For higher voltages more particles are trapped, for lower voltages
reliable loading was not possible.

The Doppler laser is turned on and its frequency is repeatedly swept
with a sawtooth function ramping from —700MHz to —60 MHz
relative to the calculated transition frequency within 20s. This ramp
allows for fast and efficient cooling of the initally hot ion cloud.

The ablation laser is triggered and a single pulse with an energy
between 80 pJ and 90 pJ is sent to the beryllium target. This energy
is the lowest that allows reliable ion production even though ion production
could be observed for energies as low as 40 1J in our former setup with the
same geometry [Niemannl9al. Since initial cooling of the ion cloud needs
several minutes, it is not necessary to fire the ablation laser at a specific point
of the cooling laser frequency ramp.

About 3s after firing' the ablation laser, the trap voltages are
changed to —20V at the ring electrode and a tuning ratio of 0.88.

After waiting until the ions’ fluorescence signal is visible and bright
on the EMCCD camera?, the particle number is reduced applying
the scheme described in section 5.2. At this point, the ions are cold
enough for being confined in the trap centre and thus detectable by the imaging
system (see chapter 4).

5.2. Particle number reduction

Regardless of whether we implement a photoionisation laser for trap loading or
not, there will most probably be more than one ion in the trap. But since the aim

LAt the time where one person pushes the single shot button of the ablation laser, a second
person submits the Artiq script that sets the trap voltages to the new values. This script
contains a fixed delay of 3, which is executed in real time. Additional time is consumed by
Artiq to process the information.

2The waiting time varies between a few seconds and several minutes.
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5.2. Particle number reduction

of the experiment is to work with single “Be™ ions, the particle number must be
reduced after loading the trap. There are several ways how to achieve this. One
way is to pulse the endcaps to cause the loss of ions that move on a large orbit
[Goodwinl15]. Another way is to divide the ion cloud into two parts by converting
the trap potential to a double-well potential [Smorral5b]. While one half of the
ions is kept, the other half is ejected from the trap.

We pursued the second approach. Therefore a particle number reduction scheme
based on the scheme described in [Smorral5b] has been developed and imple-
mented in our former experiment control hfGUI [Niemann19a]. In this work, the
scheme was further developed and implemented in our new experiment control
Artiq.

In total the sequence has a duration of 1s that is split in four parts of equal
length. During each part distinct electrodes’ DC voltages are ramped linearly in
time from an initial value at time O ms to a final value at time 250 ms. First, starting
from a harmonic trap potential with —20V at the ring electrode and a tuning ratio
of 0.88, which are the final trap parameter from the loading sequence, the endcaps
are ramped from ground to —30V. This leads to a double-well potential along the
trap axis with a shallow barrier that allows the ions to spread in this direction
(figure 5.1(b)). Second, the ring electrode is ramped up to 25V to act as a wedge
that strongly separates the wells and thus divides the ion cloud into two parts (figure
5.1(c)). Third, one of the end cap electrodes is ramped to ground to eject the ions
from the respective well (figure 5.1(d)). Finally, all electrode voltages are ramped
back to their initial voltages (figure 5.1(a)).

This particle number reduction scheme is applied to the ions several times
while sweeping the Doppler laser frequency with a sawtooth function ramping from
—700 MHz to —60 MHz within 20s (the same as for loading the trap). It is usually
applied twice with a waiting time of 99 s between the separations. Afterwards, the
ion fluorescence is monitored with the EMCCD camera. The reduction scheme is
repeated until the fluorescence image looks similar to figure 5.2.

In principle, this scheme is capable of reducing the ion number until only
one single ion is left in the trap. However, for low ion numbers (about one to
three ions), the fluorescence signal gets very unstable. The system suffers from
fluorescence dropouts of seemingly random length and frequency [Niemannl9a).
One possible reason for this behaviour could be that the ion undergoes a transi-
tion to the S1 Imy = —3,m; = 3) state. It could quickly be brought back to the
S% lmy = %, my = %> state by applying a repumping laser at the correct frequency
that needs to be experimentally determined. Repumping has not been implemented
so far but is planned for the near future. Another reason could be that the ions are
heated and the radius of the magnetron orbit suddenly increases to a size where
the ions cannot be detected by the imaging optics anymore. This heating of the
magnetron mode could be caused by position fluctuations of the cooling laser beam
with respect to the ion cloud. Since the apparatus stands directly on the floor and
not on an optical table, the whole system is most probably vibrating. The beam
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Figure 5.1: Cloud size reduction scheme. The electric potential along the
trap axis is shown in black. The voltage applied to the single electrodes and their
width is represented by the grey bars. The electrode functions from left to right are:
endcap, correction electrode, ring electrode, correction electrode, endcap. All other
electrodes are held at 0V for the whole sequence. Starting from the harmonic trap
potential with the ring electrode at —20V (a) the end cap electrodes are ramped
from ground to —30V (b). Then, the correction electrodes are ramped to 0V
and the ring electrode to 25V simultaneously to separate the cloud and store the
residuals in the two wells of a double-well potential (c). Afterwards, one correction
electrode is ramped to 0V to release the ions in the right hand side potential well
from the trap (d). Finally, all electrodes are ramped back to their initial values (a).
The duration of each step is 250 ms, so the total duration of the sequence is 1s. All
voltage ramping is performed linearly in time.
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Figure 5.2: Cloud after applying the reduction scheme. The fluorescence
has been recorded along the trap axis with the EMCCD camera (binning: 4x4,
electron multiplier gain: 3, exposure time: 0.2s).

pointing stability could be improved by implementing a beam pointing stabilisation
for the cooling laser which is planned for the near future. When the fluorescence
dropouts are reduced and a single ion is obtained, axialisation could be implemented
to reduce the influence of the cooling laser position on the magnetron radius (see
section 2.2.3).

Due to these problems, we currently stop reducing the ion number at a point
where we know from experience that the ion fluorescence level is still stable in our
trap. Further investigation on that issue is planned.

5.3. Doppler cooling

As discussed in section 2.2.1, it is crucial to radially displace the cooling laser from
the trap centre to achieve efficient laser cooling in a Penning trap. In our setup, we
can control the position of the cooling laser beam using motorised piezo translation
stages that move the lens for focusing the laser beam in the trap centre transversally
(see section 3.3.1). While cooling, the ions’ fluorescence is monitored on the EMCCD
camera and the piezo stages are aligned on the fly in a way that leads to the most
efficient cooling achievable. This alignment of the laser beam with respect to the
ions is necessary since our laser position is drifting. For describing the criteria for
good beam alignment we must distinguish two cases: scanning the laser frequency
and keeping the laser frequency at a fixed detuning.
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Whenever we want to cool a hot cloud of ions we first scan the cooling laser
frequency over a range from —700 MHz to —60 MHz to achieve fast cooling of hot
particles and later set the laser to a fixed frequency red detuned (ideally by half the
natural linewidth) from the transition frequency to keep the ions cold. For this we set
the laser frequency to a value between —60 MHz and —70 MHz.

In the case of scanning, a diagram is considered where the fluorescence intensity
(y-axis) is shown as a function of time (x-axis). The laser beam is aligned in a way
that the fluorescence peaks increase over time. At some point the fluorescence starts
decreasing and cannot be increased by changing the laser beam position any more.
At that time, the laser is set to a fixed frequency detuning at a frequency below
resonance.

In case of a fixed laser frequency detuning, the spatial spread of the ion cloud is
monitored. The laser position is aligned in a way that the ion fluorescence signal has
a constant intensity and spatial spreading i.e. the laser is not heating the magnetron
mode (for details see section 2.2.1).

Since the system is vibrating and we have no beam pointing stabilisation, the
fluorescence signal must be inspected on the EMCCD camera every few minutes and
the focusing lens must eventually be realigned by repeating the procedure described
above.

5.3.1. Temperature determination

The ion temperature was determined by spectroscopy of the cooling transition. The
resulting lineshape is a Voigt profile i.e. a convolution of a Lorentzian function
describing the natural lineshape of the transition and a Gaussian function describing
broadening effects:

T .
vovotiy V—1y+ zg 1

I(v) :A%(e_(7)2erfc(—z 3 ) 5 (5.1)

Here I" denotes the natural linewidth and o the Doppler width, A is a propor-
tionality constant and erfc the complementary errorfuntion. The Doppler width can
be associated with a temperature [Foot05]

Amao?
T = 5.2
- (5.2)

where c is the speed of light, m the paticle’s mass, kg Boltzmann’s constant, and v
the transition frequency.

The ion cloud’s temperature has been determined using the Doppler cooling
laser. While the laser was held at a fixed position, its frequency was scanned
and the fluorescence detected with the PMT. The result of this measurement is
depicted in figure 5.3. From the Voigt fit a temperature of 1.7(1) mK was determined.
This is about three times the Doppler cooling limit which is 0.5 mK. It includes
contributions from Doppler broadening and from the finite width of the laser beam
in the trap centre [Brewer88]. Further it must be mentioned that the temperature
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Figure 5.3: Fluorescence signal of a frequency scan of the cooling transi-
tion. At each frequency the laser was applied for 15ms at a power of 49 pW. The
detuning is given relative to the theoretically calculated transition frequency. The
blue detuned side of the peak was not scanned because scanning is only possible
over a range of 40 MHz due to technical limitations. A Voigt profile was fitted to
the data resulting in a temperature of 1.7(1) mK.

contains contributions of the axial and the radial temperature. The temperatures
might vary for different modes but since the cooling beam travels through the trap
centre at an angle of 45° with respect to the magnetic field we cannot distinguish
between the contributions of either mode.

A pitfall of the applied method is that we used the same laser for spectroscopy
as for cooling. The lowest temperature in Doppler cooling can be reached when the
cooling laser is red detuned by g from the cooling transition where I' is 19.6 MHz
for beryllium. However in our measurement the Doppler laser deviates from this
ideal point while scanning. We moderate this effect by first cooling the ions at a
fixed laser detuning at powers between 0.5mW and 1.5mW before scanning the
transition at a laser power of 49 utW.

The systematic effects mentioned above could be ruled out by keeping the
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cooling laser at a fixed frequency and scanning the S% lmy = %, my = %)
— P% imy = —%, my = %) transition with an additional probe laser. Driving the
probe transition leads to a decay to the S% lmy = %, mr = %} state at probability one
third and to the S 1 Imy = —1,m; = 2) dark state with probability two thirds, which
leads to a decrease in fluorescence of the cooling transition [Jensen04]. However, we
had no additional laser available when the temperature was measured. Furthermore,
this method is only applicable to ion clouds. Since we aim for single ions, this
method would not be useful for us any more as soon as we work at the single ion
level. Another method for temperature determination, which is applicable to single
ions, would be using sideband spectroscopy [Mavadiald]. However, for beryllium
Raman lasers are necessary to implement sideband spectroscopy. The Raman lasers
were still under development [Pick20] when these measurements were taken. There
are also non-optical methods to determine the ion temperature in a Penning trap
[Djekic04] that are not applicable for us since they require a resonant circuit that

we do not have in the beryllium trap.

5.3.2. Saturation intensity

Saturation of the cooling transition leads to power broadening of the spectrum
and thus to a seemingly higher ion temperature. To exclude saturation effects
in our measurements, the ions’ fluorescence was determined for different laser
powers.

The Doppler cooling transition was driven at different laser power levels at a
fixed frequency detuning of —70 MHz and a fixed beam position with respect to
the trap centre. For each laser power, photon counts were detected during 20 ps.
The diagram (figure 5.4) shows the average of 1000 measurements for the respective
power.

As can be seen from the plot, the PMT counts increased linearly with the laser
power and no flattening of the curve for raising laser powers could be observed for
laser powers up to 729 ptW. Since we used a laser power of 49 pW for the temperature
determination (figure 5.3), no saturation effects are expected.

It was not possible to determine the actual saturation intensity, as the laser
did not provide enough power to see saturation effects in the fluorescence sig-
nal.
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Figure 5.4: Fluorescence with respect to cooling laser power. The laser
powers depicted on the z-axis have been measured at the reference point. Each data
point represents the average of 1000 meausurements and the respective standard
deviation.

5.4. Trap frequencies

Knowing the trap frequencies is crucial for the characterisation of an ion trap. From
the trap frequencies the free cyclotron frequency and therefore the magnetic field at
the trap centre can be calculated (see section 2.1.1). The free cyclotron frequency
must be known in order to apply axialisation (see section 2.2.3). Furthermore the
knowledge of the axial frequency is critical for adiabatic ion transport (see chapter
6).

Experimental determination of the axial and modified cyclotron frequencies is
carried out as follows. RF pulses with a duration of 32ms and varying frequency
are applied to one of the correction electrodes of the beryllium trap. The smaller
the difference between the RF frequency and the trap frequency the higher is the
probability that the ions’ motion is excited. This behaviour can be compared
to a resonantly driven harmonic oscillator. An increased ion motion leads to a
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Figure 5.5: Axial trap frequency. Fluorescence signal versus RF frequency for a
ring electrode voltage of —20V. The data shown is an average of ten measurements.
The error bars depict the standard error. The dashed line is a Lorentzian curve
that was fit to the data as a guide to the eye and to determine the centre of the
fluorescence dip. In this case the axial trap frequency is 437.4 kHz.

reduction of the ions’ fluorescence signal due to Doppler shift. So after applying
the RF pulse, the cooling laser is turned on to detect the ions at the same time as
photon readout is performed with the PMT for a duration of 20 ps. After photon
counting, the cooling laser is kept on for 15 ms more to recool the ions to their initial
temperature in case they were severely heated by the RF. In this manner, a defined
RF frequency range is scanned. Although the ions are recooled after each excitation
pulse, the order of RF pulses can influence the measurement. If the ion motion was
severely excited by one pulse the subsequent measurement might lead to a lower
fluorescence level since the ion was not fully recooled to its initial temperature.
This effect can become more pronounced if the RF frequency is swept from low
to high frequencies or the other way round. This could in the worst case lead to
an apparent shift of the trap frequency to a higher or respectively lower frequency.
Therefore the measurement is repeated ten times, each time using a different random
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Figure 5.6: Axial trap frequencies as a function of potential depth. The
voltage difference denotes the absolute value of the difference between the ring
voltage and the endcap voltage. The axial frequencies have been determined using
the method described in the text. Error bars are not shown since they are smaller
than the spread of the points in the plot. The function for the axial frequency given
in equation 5.3 was fitted to the data.

ordering of the RF frequencies being applied. For these measurements relatively
high laser powers are applied to ensure fast cooling. It is important to keep the
laser power constant during a measurement sequence to maintain the same cooling
conditions for every measurement point. However, it is not crucial to use the exact
same laser power for different frequency measurements as long as the power is
high enough to ensure fast cooling, since the trap frequencies do not depend on
laser power. The same is true for the RF power as long as the transition is not
saturated.

For the determination of the axial frequency shown in figure 5.5, a laser power
of 0.9mW and an RF power of -55 dBm was used.

The axial frequencies have been measured for different ring voltages between
—10V and —30V. In figure 5.6 they are depicted as a function of the absolute value
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Figure 5.7: Modified cyclotron frequency. Fluorescence signal versus RF
frequency for a ring electrode voltage of —20 V. The data shown is an average of
ten measurements. The error bars depict the standard error. The dashed line is a
Lorentzian curve that was fitted to the data as a guide to the eye and to determine
the centre of the fluorescence dip. In this case the modified cyclotron trap frequency
is 8490.9 kHz.

of voltage difference between the ring electrode and the endcaps, which were held at
0V for all the measurements. Equation 5.3 where ¢ and m denote the charge and
mass of a beryllium ion, V' the voltage difference and C5 a proportionality constant
that depends on the geometry of the trap, was fitted to the data resulting in a C5
of 17639 m~2 for our beryllium trap.

qV

212m,

Cy (5.3)

vV, =

The fit is in good agreement with the measured frequencies. That allows
to calculate the axial frequency for other ring voltages to a good approxima-
tion.

The modified cyclotron frequency for a ring voltage of —20V was found to
be 8490.9kHz. Together with the axial frequency this leads to a free cyclotron
frequency of 8502.2kHz and a magnetic field of 4.98974 T if one assumes an ideal
Penning trap (equations 2.10 and 2.8).
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Chapter 0

Towards adiabatic transport of single ions

To determine the spin state of the proton via QLS (see section 1.1) the beryllium
ion must be transported from the beryllium trap to the coupling trap and back
without heating the axial motional mode, i.e. adiabatically. This is also true for the
proof-of-principle aim of sympathetically cooling a beryllium ion by using another
co-trapped beryllium ion and coupling their motional modes via Coulomb coupling.
To achieve adiabatic transport, the electrode voltages must be changed as a function
of time in a way that the harmonic potential, which confines the ion along the
axial direction, moves through the trap stack. Therefore the electrode voltages
that generate harmonic trapping potentials at any position along the trap stack
axis must be known. This is accomplished by calculating the trap voltages for
discrete positions and then applying third-order interpolation between the resulting
voltages. One then receives smooth voltage waveforms that can be applied to the
electrodes.

In section 6.1 the calculation of the electrode voltages is described. Section 6.2
reports on the experimental implementation of transport waveforms and depicts and
discusses the results from testing adiabatic transport with ion clouds.

6.1. Transport simulations

For the calculation of the electrode voltages the following assumptions were made:

i The trap stack is perfectly rotationally symmetric with respect to the trap
axis.

ii The radial spread of the ion is negligible i.e. the ion is located on the trap
axis.

It must be determined which voltages have to be applied to which electrodes to
create the desired potentials at the corresponding positions on the trap axis. Electric
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6.1. Transport simulations

potentials can be expressed as a linear combination of other electric potentials. If the
electric potential that is caused by an electrode at 1V is known for every electrode
in the stack, the necessary electrode voltages can be determined by solving the
linear system of equations Az = b at each desired position. The m x n matrix A
contains the first m derivatives of the electric potential for n electrodes, = is the
solution vector for the n electrode voltages, and b denotes the constraints for the
desired potential. Throughout this chapter, the solution vector x is called "voltage
vector".

At the centre of a harmonic potential, its first derivative, the electric field, must
vanish. The second derivative, the field’s curvature, must be %(QWVZ)z where m and
q denote the mass and the charge of the ion and v, the axial trap frequency (see
section 2.1.1). The third and forth derivative must vanish to avoid anharmonicities.
This results in the target vector

b= (0, 7Z]’L(sz)?,o,o). (6.1)

Determination of the electrode potentials. For the construction of the matrix
A the electric potential on the trap axis caused by each electrode at 1V and their
derivatives must be found. This was numerically done with the software Comsol
Multiphysics, which uses the finite element method. For the simulation the following
simplifications were made:

i The electrodes’ geometry was approximated by hollow cylinders.!
ii The holes for laser access and the ablation target were neglected.
iii The gold plating was neglected.
iv. The proton source was neglected since it is far away from the coupling trap.

The electrodes 1 (endcap of the beryllium trap) to 33 (transition electrode between
the two precision traps, see 3.1) were subsequently set to a potential of 1V while all
other electrodes were set to 0 V. In this way the potential caused by each electrode
on the trap axis was determined.

The potentials were imported into Wolfram Mathematica where the derivatives
were calculated numerically. Further the potentials as well as the derivatives were in-
terpolated using Wolfram Mathematica’s built-in interpolation function that fits poly-
nomials to the data for each electrode, resulting in five functions per electrode (one
for the potential and one for each of the first four derivatives).

1For the two electrodes connecting the coupling trap with an inner diameter of 8 mm with the
adjacent traps of 9mm inner diameter, cylinders with hollow truncated cones were used.
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Chapter 6. Towards adiabatic transport of single ions

Calculating the voltage vector. Now, we have all ingredients to solve the linear
system which reads:

9¢1 092 Oon 0
A A/ o 2
1 2 n m

922 922 522 T9 . ;(27TZ/Z) (6 2)
03¢1 03¢ B on - 0 :
0z3 0z3 Tt 923 o
o*¢1 ¢ *on Tn 0

0z4 0z4 Tt 024

where ¢,, denotes the electric potential of the n-th electrode and z; to x,, the voltage
vector for the respective electrodes. Since we have more electrodes than constraints,
the system of equations is underdetermined. Solving it using the Moore-Penrose
inverse of A leads to the voltage vector with the smallest euclidean norm (least
squares). This algorithm was chosen, because it leads to smallest possible voltages
which is important from an experimental point of view.

Taking time into account. For implementing transport in the experiment, from
such voltage vectors we need to build time-dependent waveforms for each electrode
that can be applied to the electrodes via the experiment control system. Therefore
the positions along the trap axis for which the equation system is solved have been
made time-dependent. The function

2(t) = /0 " sin?(t)dt (6.3)

was chosen because the shifting of the potential should start and end smoothly
to avoid heating of the ion by a sudden acceleration. For the variable ¢, a set of
discrete times was used.

Waveforms for transport to the coupling trap. For calculating waveforms
for the transport of an ion from the centre of electrode 3 (ring electrode of the
beryllium trap) to electrode 12 (centre of the coupling trap), electrodes 1 to 23 were
taken into account. Figure 6.1 shows the resulting voltages for an axial frequency of
440 kHz. The voltages for electrodes 2 to 8 stand out at around 0.4 ms (see figure
6.1). This is due to the fact that electrodes 5 and 6 are relatively thick with respect
to their diameter (see section 3.1). Therefore, compared to the other electrodes, high
voltages must be applied to maintain a harmonic potential when the ion passes these
electrodes. This effect could be mitigated if several thin electrodes were used instead
of one thick electrode. Electrode 7 could be replaced by several thinner electrodes.
However, this is not possible for electrode 6 because this endcap electrode contains
bores for the cooling laser beam. If replaced by several thinner electrodes laser
access would not be possible any more.

The resulting voltages are still discrete values. Continuous waveforms are
generated when sending them to the experiment (see 6.2).
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Figure 6.1: Transport waveforms for transport from the beryllium to the
coupling trap for a harmonic trap potential. Electrode voltages at discrete
times for an axial frequency of 440kHz. Although electrodes 1 to 23 were used
electrodes 16 to 23 are not shown in the plot since their voltages are close to 0V
during the whole transport sequence. The lines serve as a guide to the eye. For
details see text.

6.2. Experimental implementation

It would have been desirable to apply the waveforms shown in figure 6.1 to the ion
trap, but this was not possible since our current voltage supplies only deliver 30V
for electrodes 1 to 11 and 10V for the remaining electrodes (For details about the
voltage sources see section 3.4). So it was necessary to reduce the voltage range of
the waveforms. There are two possibilities to achieve this:

i Lower the axial trap frequency.

ii Reduce the number of constraints in equation 6.2.

Both leads to lower electrode voltages. If following the first approach, the axial
trap frequency must not exceed 144.8 kHz to succeed with the available voltages.
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Figure 6.2: Transport waveforms for transport from the beryllium to the
coupling trap for a harmonic trap potential dismissing the suppression of
trap anharmonicities. Electrode voltages at discrete times for an axial frequency
of 440 kHz. Although electrodes 1 to 23 were used electrodes 16 to 23 are not shown
in the plot since their voltages are close to 0V during the whole transport sequence.
The lines serve as a guide to the eye.

In our trap this axial frequency corresponds to a magnetron frequency of 1.2 kHz
which is lower than or equal to the cutoff frequencies of the low-pass filters in the
DC lines (1.3kHz and 1.2 kHz respectively, for more information on the electronics
see section 3.4). Thus the magnetron mode would most probably be heated by
electric noise travelling through the filters. So, we followed the second approach
and dismissed accounting for trap anharmonicities by reducing the number of
constraints from four to two, namely the electric field vanishing and the trap
frequency being constant throughout the whole transport sequence. This reduction
of constraints leads to the waveforms depicted in figure 6.2 for an axial trap frequency
of 440 kHz.

The low-pass filters bear a second risk: The waveforms might be considerably
changed due to the filtering. To treat this, one would usually determine the filter
functions for each single electrode channel and then calculate new waveforms that
account for the filtering. Since our transport sequences have durations on the order
of hundreds of milliseconds to seconds and our DC lines a cutoff frequency of 1.3 kHz
and 1.2 kHz respectively which corresponds to time constants of 122 pus and 133 s
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6.2. Experimental implementation

repectively, filter functions were not taken into account.

Another experimental restriction is the limited memory of the arbitrary waveform
generator (see section 3.4) that produces continuous waveforms from the discrete
simulation results. The AWG has a 16 bit resolution and accepts a maximum of
16 or 12 KiB per channel (this number differs for the different channels, for details
see [Jordens18]). Therefore, we restricted the number of voltages per electrode for
a waveform to 508. This number is not tied to the duration of a waveform. The
discrete voltages from the simulation are interpolated with third order b-splines?.
The resulting interpolation coefficients are handed over to the AWG where the
actual waveforms are generated with a resolution of 20 ns.

Before interpolating, the discrete voltages were rounded to the level of 1 x 1074V
since our AWG has a resolution of 16 bit which correspond to 0.6 mV.

6.2.1. Testing with ions

The transport waveforms could not be tested with a single ion due to the lack of
stable fluorescence signals for low ion numbers (see chapter 5). Therefore, a cloud
of several ions was used for testing.

Since two constraints were abandoned when calculating the voltages, the resulting
potentials do not have a tuning ratio of 0.88 anymore. Therefore the shape of the
potential in the beryllium trap has to be carefully changed before transport not to
heat the particle by a sudden change of voltages. Furthermore, all electrode voltages
need to be increased by a common offset voltage since the voltages for transport
are equally distributed around 0V (to exploit the full range of available voltages)
and not <0V as is usually the case in our trap. For the ramping for each electrode
voltage values between the static trap potential with tuning ratio (TR) 0.88 and
the first set of voltages from the transport sequence were calculated such that the
voltage changes as

V(t) o sin’(t) (6.4)

in the range between 0 and 7.

The transport sequences that were tested on the ions have a total duration of
to, consisting of ramping up the potential during 0.3ty, moving the potential well
along the trap axis to the target position during 0.2¢5, moving back during 0.2¢,
and finally ramping the potential down again during 0.3t,. Transport was evaluated
for durations of ty = 0.7s, 1.75s, and 3.5s. Transport was either carried out from
electrode 3 (ring electrode of the beryllium trap) to electrode 5 and back or from
eletrode 3 to electrode 12 (centre of the coupling trap) and back. Transport was
evaluated for different axial frequencies: v, = 308 kHz, 379 kHz, 440 kHz, 490 kHz
and 537kHz. For all measurements presented in this section, a laser power of
905(2) pnW at the pickoff mirror (see 3.3.1) was used.

To evaluate how well the transport works, it is necessary to determine how much
the particles were heated during transport, i.e. determine the particles’ temperature

2The third order was chosen to avoid kinks in the waveform as well as undesired oscillations.
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before and after transport and compare them. For a quantitative temperature
determination either optical sideband spectroscopy or a resonator for image-charge
detection are necessary (for more details on temperature determination see section
5.3.1). While construction of a setup for optical sideband spectroscopy is under way,
at the time of this writing the capability was not in place yet. We therefore had
to find other measures for evaluating transport in our trap system by only using
the Doppler laser. The number of photons detected during fluorescence detection
depends on the temperature of the ions. For cold ions many photons are scattered.
We use this effect to determine how long it takes to recool the particles after they
have been moved through the trap stack by pulsing the cooling laser 3000 times
at a fixed detuning of —60 MHz relative to the calculated transition frequency and
detecting the fluorescence at the end of each pulse. This method leads to data as
exemplarily depicted in figure 6.3. In postprocessing the position of the fluorescence
"jump" is determined and used as a relative measure on how much the ions have
been heated or respectively how long it takes to recool them. Over the course of
this chapter the term "mean cooling duration" is used. It refers to the mean position
of the fluorescence jump averaged over several datasets. One could wonder why
the cooling laser is not irradiated continuously for recooling the ions. Doing this
would lead to fast and efficient recooling such that no difference between different
"temperatures" could be observed.
The following experimental sequence was devised:

i Apply Doppler cooling for 1s.

ii Pulse the Doppler laser 3000 times for 150 ps and read out the PMT for 10 s
at the end each pulse.?

iii Turn the laser off for the duration of transport. Apply the transport waveforms
while the laser is turned off.

iv Repeat step (ii).

For every set of parameters (transport duration, axial trap frequency, target
electrode) the sequence was executed twice: The first time as stated above and
the second time without applying waveforms in step (iii). This is for evaluating
whether heating during the transport sequence occurs from shaping and moving the
trap potential or from the absence of the cooling laser (the measurement cannot
distinguish between the latter two cases). In detail step (i) makes sure that the ions
are initially cold. Step (ii) is necessary to evaluate whether the fluorescence level for
the ions confined in the beryllium trap is stable. If the fluorescence level is unstable
this is a hint that either the laser position or power is fluctuating. In this case, the
measurement is discarded. Step (iv) produces the data that is actually utilzed to

3Using a pulsed readout scheme instead of a continuous one has technical reasons: When the
readout pulse was extended an overflow in the experiment control system occured and with
that the measurement was automatically aborted.
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Figure 6.3: Photon counts after transport. The fluorescence level is first low
since the ions have been heated. When the ions are recooled it suddenly jumps up.
The x-axis is proportional to the elapsed time. For details see text.

evaluate how strongly the ions have been heated. During the whole sequence, the
Doppler laser PID ontroller was held in hold mode to allow for fast switching of the

AOM while maintaining a constant laser power.

For each set of parameters, between 30 and 150 measurements were taken. From
this data the mean cooling duration and its standard error were calculated. In the
plots below the mean values are depicted as coloured bars and the standard error

as black lines.

To evaluate whether the amount of heating depends on the transport velocity,
several waveform durations have been compared for a fixed axial frequency of
379kHz (figure 6.4). We found a significant amount of heating due to absence
of the cooling laser. Furthermore, it can be seen that additional heating during
transport occured, which does not show a significant dependence on the transport

velocity.

Further it has been evaluated whether heating depends on the axial frequency.
Therefore the measurement was repeated for several frequencies, while the transport
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Figure 6.4: Heating for different transport velocities. A trap frequency
of 379kHz was used. Different colours denote different transport durations i.e.
different velocities. Orange: duration of 0.7s, green: 1.75s, blue: 3.5s. On the
left mean cooling durations after having the laser turned off for the respective
transport duration are shown. On the right mean cooling durations after transport
are depicted. The black bars represent the standard error. They are only indicative
since the data is not normally distributed. It can be seen that the transport velocity
has no significant influence on the mean cooling duration.

velocity was kept at a fixed value (figure 6.5). From the data presented, no
significant difference in heating could be found for different axial frequencies. But,
again, it is obvious that there are heating effects that are not caused by laser-ion-
interaction.

Finally, heating for two different transport distances was evaluated, namely
transport to electrode 5 (like in the plots above) and transport to electrode 12 in the
centre of the coupling trap (figure 6.6). It must be taken into account here that since
every waveform consists of 508 voltage values (for details see above) the transport
to electrode 12 is not only faster due to the longer distance but also has a lower
"'resolution” i.e. the potential positions along the trap axis for which the voltage
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Figure 6.5: Heating for different axial frequencies. A transport duration of
0.7s was used. Different colours denote different axial frequencies. Red: 308 kHz,
orange: 379kHz, green: 440kHz, blue: 490 kHz, purple: 537kHz. On the left mean
cooling durations after having the laser turned off for the respective transport
duration are shown. On the right mean cooling durations after transport are
depicted. The black bars represent the standard error. They are only indicative
since the data is not normally distributed. It can be seen that the axial frequency
has no significant influence on the mean cooling duration.

vectors have been calculated are further apart from each other than for shorter
transport distances. It seems that heating for transport to more distant electrodes
does not result in significantly more heating. That indicates that heating that is
not associated with laser-ion-interaction probably happens in the beryllium trap
whether due to changing the shape of the trapping potential or due to imperfections
of the electric field.

Discussion. This chapter presents the prerequisites for adiabatic transport in our
Penning trap setup. Electrode voltages and waveforms for adiabatic transport have
been derived. The waveforms have been optimised for implementation within the
range of the available voltage span of the AWG. The transport waveforms have been
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Figure 6.6: Heating for different transport distances. A trap frequency of
440kHz and a transport duration of 0.7s was used. The black bars represent the
standard error. They are only indicative since the data is not normally distributed.
Transport over a larger distance does not lead to significantly more heating. It
seems like transport to electrode 5 was cooling, this behaviour is attributed to
measurement uncertainties.

implemented in the experiment and successful transport of ion clouds over 29 mm
without detectable ion loss has been implemented. A Doppler-recooling approach
has been implemented to look for effects of the transport on cloud temperature.
It was shown that the recooling approach is able to detect energy gains in the
cloud and that at the level of sensitivity of the method, for a wide range of axial
frequencies and transport velocities, no influence of transport parameters on the
cloud temperature can be observed. The main influence on the cloud temperature
seems to originate from the absence of the cooling laser, which indicates that the
complicated dynamics of ion clouds have a major impact. This chapter paves the
way for measurements with single ions with optical sideband thermometry as the
logical next step, once Raman beams and an axial cooling and detection beam
become available.

The absence of a connection between relative heating and transport velocity is in
good agreement with our expectations: The low-pass filters in the voltage lines set
an upper limit to the transport velocity. For fast transport heating could occur due
to the voltage waveforms containing frequencies above the low-pass filters’ cutoft
frequency. Since in our case all evaluated transport velocities are small compared
to the cutoff frequency, no difference in heating is expected and no need for taking
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Figure 6.7: Radial position of the ion cloud for different ring voltages.
Ring voltages are: 8V (a), 10V (b), 15V (c), 20V (d), 25V (e), 30V (f), 40V
(g), and 60V (h). The displacement cannot be explained by misalignment of the
imaging optics.

filtering into account is given.

In the future the distance of anchor points along the trap axis for which the
electrode voltages have been calculated could cause issues since the electrode voltages
are interpolated by a third-order b-spline inbetween. That means that the potential
is not necessarily harmonic at every position between the anchor points. For a
high density of calculated voltages along the trap axis this effect is reduced but
due to limited memory of the AWG it might be necessary to store the ion at
some intermediate position and move it to the target electrode using a second
waveform.

Besides the spatial spread of the ions along the radial direction another effect
could cause heating that cannot be explained by laser-ion interaction. There might
be disturbances of the electric field affecting the symmetry with respect to the
geometric trap axis. This assumption evolves from the fact that when the trap
depth is changed the fluorescence image on the EMCCD camera moves radially in a
way that cannot be explained by misalignment of the imaging optics (figure 6.7).
Furthermore, when RF frequencies that should heat the ions were subsequently
applied to the four segments, for one segment no effect in the ion fluorescence
could be seen. When the RF amplitudes of these signals were detected with our
axial resonator, the amplitude for this one segment was 25 dB lower than for the
three other segments. Therefore, we suspect that the cable of one of the four ring
electrode segments in the beryllium trap has no proper electric contact with the
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segment.

All in all, further investigation is necessary for a quantitative chracterisation
of transport in our system. The number of measurements must be increased to
receive statistically more meaningful results, the ion number must be reduced to
one, the ion must ideally be cooled to its motional ground state, and potential issues
concerning wiring of the ring electrode must be solved.
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Chapter 7

Conclusion and outlook

In this thesis, a Penning trap system was presented that offers the mechanical prereq-
uisites for ground state cooling of “Be™ ions using Raman transitions. Furthermore,
a coupling trap for motional coupling of two beryllium ions as well as a proton
source have been installed. The DC voltages for the trap operation are generated
by an AWG that also allows the application of time-varying voltage waveforms for
transporting single ions or ion clouds between the individual Penning traps of the
trap stack along the trap stack axis. The ions are detected with an imaging system
that allows intensity sensitive detection using a PMT as well as spatial resolution in
the radial plane using an EMCCD camera.

We have shown reproducible ion loading and particle number reduction in our
apparatus. Furthermore, we have implemented trap frequency scan routines. These
routines are applicable to a wide range of ion numbers.

Ion clouds can be Doppler cooled to a temperature of 1.7mK, which is about
three times the Doppler limit of 0.5 mK.

Simulations for adiabatic transport have been done and transport of ion clouds
to the coupling trap was succesfully demonstrated. A routine for generating voltage
waveforms for transport has been developed that is also directly applicable to single
ions. These results pave the way for future precision experiments using sympathetic
cooling and QLS of single (anti-)protons.

7.1. Outlook

To achieve g-factor measurements using quantum logic spectroscopy (see section
1.1) the following steps are necessary:

Production of single ions with stable fluorescence. For taking the next
steps, it is crucial to reproducibly produce single ions with a stable fluorescence
signal for detection. With the particle reduction scheme described in section 5.2,
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single ions can in principle be achieved. However, we suffer from fluorescence
dropouts (see section 5.2). Several measures described in section 7.1.1 will be
adopted to mitigate these fluorescence dropouts.

Furthermore, it could be evaluated whether smaller ion numbers can be loaded
using a photoionisation laser and a reduced ablation laser power, so the ablation
laser produces a neutral beryllium vapour that is subsequently ionised by the
photoionisation laser. Besides, the ion number could be reduced by pulsing the
endcaps of the beryllium trap to lose particles as has been done in [Goodwinl15]
as an alternative to dividing the cloud in two parts and ejecting one of them from
the trap as is currently done (see section 5.2). Implementing one or both of these
concepts could possibly lead to shorter preparation times.

Adiabatic transport of single ions. Transport of ion clouds has been imple-
mented. The method will also be applied to single ions. For this case we expect less
heating due to the absence of cloud dynamics. Furthermore, issues concerning the
wiring of the electrodes that may cause heating (see section 6.2.1) must be solved.
This will involve opening and disassembling the whole apparatus. Several proposals
have been made that are described in section 7.1.4.

Sympathetic cooling of single protons. After having implemented adiabatic
transport of a single beryllium ion as well as motional coupling of two beryllium
ions, sympathetic cooling of a single proton using a single beryllium ion will be
implemented. For this, protons must be loaded and a new coupling trap is needed.
Preparatory work has been done for both: A proton source was implemented in the
current apparatus and needs to be tested. Details on the new coupling trap are
described in section 7.1.3.

Ground state cooling of a single Be™ ion. Ground state cooling of beryllium
ions can be achieved using sideband cooling (see section 2.2.2). For beryllium at a
magnetic field of 5 T, this requires Raman beams that bridge the qubit splitting of
140 GHz. Preparatory work has been done by implementing the mirrors needed for
sending both Raman beams on different trajectories through the trap centre (see
section 3.1) as well as by setting up the Raman laser systems which has been done
in the course of a MSc thesis [Pick20]. Those contain a digital phase-locked loop
that locks the lasers at an offset frequency of 70 GHz in the infrared. The frequency
splitting becomes 140 GHz in the UV due to second harmonic generation [Pick20].
With these ingredients, Raman spectroscopy of the qubit transition will be shown
and eventually ground state cooling will be implemented.

Ground state cooling of a single proton. When sympathetic cooling of a single
proton as well as ground state cooling of a single beryllium ion have been imple-
mented, ground state cooling of a single proton can be achieved.
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Implementation of quantum logic spectroscopy with a single proton and
a single “Be* ion. Ultimately, QLS can be implemented. This will provide a fast
and robust scheme for determining the proton’s spin state and therefore facilitate
g-factor determinations.

7.1.1. Single ions with stable fluorescence

Several measures will be adopted to mitigate fluorescence dropouts:

e The repumper laser will be implemented to pump back the ion from the
S Imy = —5,m; = 3) state to the Si Imy = 5,m; = 2) state, which is the
lower level of the closed cycle Doppler cooling transition (see section 2.2.4).
This will supress fluorescence dropouts caused by the ion decaying to a dark

state.

e A beam pointing stabilisation will be set up to reduce heating of the magnetron
mode due to beam position instabilities.

e Axialisation (see section 2.2.3) will be applied for coupling the magnetron
mode to the modified cyclotron mode. This should reduce the sensitivity of
the ion to laser beam positioning fluctuations, since the laser beam position
will cause less heating of the magnetron mode.

e An additional laser beam for Doppler cooling will be sent into the system
along the trap axis. This additional cooling beam would allow cooling of the
axial motional mode without affecting the radial modes, especially without
heating the magnetron mode directly. Cooling of all three modes could be
achieved by cooling with the cooling beam crossing the trap centre at an angle
of 45° and the axial cooling beam in an alternating manner as well as by
cooling the magnetron mode via axialisation through the axial mode. More
details on the axial cooling beam are given in section 7.1.2

7.1.2. Axial cooling beam

Axial cooling beams are commonly used in Penning traps. Examples can be found
in [Mavadial3] and [Ball19]. However, in our experimental setup the axial access is
blocked by the proton source or needs to be kept open for antiproton injection on
one end and on the other end by the imaging optics (see section 3.1). Therefore,
the axial cooling beam will be delivered through the imaging optics as shown in
figure 7.1.

In order to achieve that, two challenges must be tackled: First, it must be
avoided that reflected light from the axial cooling beam hits the EMCCD camera
or the PMT. This would in the best case lower the signal-to-noise ratio of the
fluorescence light and in the worst case destroy the devices. Second, the axial
cooling beam must be shaped in such a way that it is focused in the trap centre.
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Figure 7.1: Basic concept for introducing a cooling beam through the
imaging optics. Not to scale. For details see text.

In the best case the focus size is adjustable to achieve efficient Doppler cooling for
different ion cloud sizes.

Preparatory work on the subject has been done in the context of a MSc thesis
[Jacobs21]. In the frame of that thesis, different optical components for deflecting
the laser beam, namely polarising and non-polarising beam splitters as well as
reflective prisms, were evaluated (for the position of the components see figure
7.1). The most promising solution, which was inspired by [Marciniak20], is a prism
that is glued onto a fused-silica substrate, which is AR coated to guarantee good
transmission of the fluorescence light. A silicon wafer is placed between the prism
and the substrate to prevent light that is internally reflected inside the prism from
travelling towards the imaging detector. The prism would be placed close to the
vacuum window where the diameter of the fluorescence light is maximal to block as
little fluorescence light as possible. The laser beam has to pass the vacuum window,
which will cause reflections. To avoid them hitting the detectors, a wedged flange
reducer was manufactured that deflects reflected light away from the imaging optics.
In combination with an axial cooling beam, imaging optics with an intermediate
focus to cut possible stray light from the laser beam are favourable such as the
system shown in figure 4.3 (a).

The laser beam will be delivered to the imaging platform (see section 3.3)
through a fibre. It will be shaped by stock lenses before deflecting it, to achieve a
focus in the trap centre. For this, the laser beam must be almost collimated since
the aspheric lens attached to the trap stack (see section 3.1) has a short focal length.
A perfectly collimated beam would be focused 19.1 mm behind the aspheric lens,
i.e. 0.2mm behind the trap centre (seen from the lens).

7.1.3. Micro coupling trap

For motional coupling of a proton with a beryllium ion the particles need to be
brought closely together to achieve a reasonable coupling strength (see section
2.3). Therefore, thin electrodes are needed since the distance between the ions
in a double-well potential scales with the electrode thickness. For an inner trap
radius of 400 pm and an electrode thickness of 200 pm, the distance between a
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beryllium ion in one well and a proton in the other well was calculated to be 300 pm
[Smorralbal. A trap with these dimensions requires a microfabrication process.
Therefore, microfabrication techniques have been evaluated in [Fenskel9]. Electrode
samples have been produced that are currently being examined.

7.1.4. Electrodes

As stated in section 6.2.1, there are strong hints that one of the wires soldered
to the individual segments of the ring electrode is broken. Furthermore, some
electrode cables broke while assembling the trap stack and copper wires had to be
wrapped around these electrodes for DC connection. To solve the issue of breaking
cables several alternative methods for connecting the electrodes are currently under
investigation:

e An electrode with an integrated soldering tag has been designed. Its machine-
ability is currently investigated.

e As a test, cables have been welded to the electrodes instead of soldering them.
Its resilience against thermal cycling and mechanical stress is currently being
investigated.

e The electrodes shall either be plated with gold instead of hardgold or the
wires shall be coated with removable rubber before plating the electrodes with
hardgold, to make the wires less brittle.

7.1.5. Roadmap

The steps described in section 7.1 do not need to be executed in the exact given order.
Starting with a single beryllium ion adiabatic transport or ground state cooling can be
implemented, since these two steps are independent from each other. The flow chart
in figure 7.2 shows the possible orders. Gradual improvement of the measurement
speed and accuracy of proton and antiproton g-factor measurements is expected for
protons that are sympathetically cooled by beryllium ions at their Doppler limit,
protons cooled to their motional ground state, and finally for implementing QLS
to transfer the proton’s spin state to a beryllium ion. That would greatly reduce
the cycle time of the g-factor measurements, allowing for better statistics and the
observation of sidereal effects [Cornejo].

71



7.1. Outlook

4 N
single ion
_ J
Y
adiabatic )
transport
port )
\

ground state
cooling “Be™
4

sympathetic
cooling ?Be™ - p

Y

ground state ) g-factor
cooling p )* measurement

A

Figure 7.2: Roadmap towards improved g-factor measurements. For de-
tails see text.

72



Appendices

73






Appendix A

Design of the aspheric lens

The aspheric lens for imaging the ion’s fluorescence (see chapter 4) was designed
with the help of the optic design software Zemax12, which is the predecessor of
the software OpticStudio, from the company Zemaxz. It is a software for the design,
optimisation and tolerancing of imaging and other optical systems. The algorithm
behind the programme’s standard version, which I used, is sequential ray tracing
which is based on geometrical optics. In ray tracing, light is approximated as rays
that are traced through an optical system from surface to surface. The details of
ray tracing are treated in textbooks e.g. in [Smith08].

In the beginning of the design process, start parameters must be chosen. Those
are the wavelength of the light to be used and the shape and position of the light
source(s) (collimated beam or point source, radial distance from the optical axis),
which are fixed parameters, as well as the position and shape of the optical element(s)
i.e. lens parameters such as the radius of curvature and the centre thickness, which
can also be set up as variable parameters that are varied in the optimisation process.
Some of those paramaters are defined by external constraints, the others need to be
guessed.

This first setup is then optimised. Conditions, so called operands, are defined

that build the merit function
S Wi(V; = T;)?
M = ) Al
\/ > Wi (A1)

Here, W; is the weight of the i-th operand, V; its current value, and 7; its target
value [Zemax12]. In the optimisation process, the optimisation algorithm tries
to minimise the merit function. The resulting parameters are not necessarily the
optimal solution to the problem, since optimisation is a local process that might end
in a local minimum of the merit function’s parameter space. Therefore, the results
from the optimisation process must be examined carefully and the optimisation
process must possibly be repeated with different starting values.

Besides fulfilling the boundary conditions, it is important that the optical
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R [mm] k Ay
54.76751 | -40.50485 0
12.34263 | -1.065655 | 3.1180782¢-5

Table A.1: Design parameters of the aspheric surfaces. R denotes the radius
of curvature, k the conic constant, and A4 the fourth-order coefficient (see equation
A.2) Higher order terms are zero.

system is insensitive to machining tolerances and, possibly, to a misplacement of
optical components. To examine how sensitive an optical system is to certain
tolerances, a tolerance analysis is performed. It gives evidence on how much the
design is affected by predefined tolerances of a certain size. These tolerances can be
machining tolerances, e.g. element thickness, centering, and radius of curvature, as
well as position tolerances, e.g. a displacement from the optical axis or a tilt of the
element. For finding a trade-off between imaging quality and tolerance sensitivity,
the tolerance analysis is implemented in the merit function and therefore becomes a
part of the optimisation process.

For the design of the aspheric lens, beside Zemaz’ default merit function,
operands for the reduction of spherical abberation (SPHA), the y-coordinate of
the real ray in the image plane (REAY), the paraxial magnification (PMAG), and
the minimum and maximum thickness of the lens (MNCG, MXCG) were taken
into account. For the optimisation including tolerances, the thickness (TTHI), tilt
(TETX, TETY), and radius (TRAD) of the aspheric lens were taken into account.
Furthermore, compensators were used. They allow the system to vary defined
parameters in the optimisation process to compensate the effects caused by the
tolerances. In this case, compensators were chosen that allow for a change of the
distances (COMP) between the optical elements as well as a tilt and decentre
(CPAR) of the elements outside the vacuum. A detailed description of the operands’
usage can be found in [Zemax12].

The design process was started with spherical surfaces for the lens that should
collect the ion’s fluorescence light and focus it at a predefined distance. The lens
was iteratively optimised and manually reshaped starting from a spheric lens and
adding more and more aspheric parameters within the design process roughly
following [Smith05]. A second identical aspheric lens was added to the system in
reversed orientation as well as a focusing objective (Thorlabs, LMU-40X-UVB).
After optimising the whole system, a tolerance analysis was performed and the
system was optimised again, taking the tolerances into account. After all, the design
parameters shown in table A.1 were chosen. They describe the aspheric surfaces
given by equation A.2.

z(h) = nAQihZi A2
(*) R(1+ 1—(1+k)]’;§)+§ (42)
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Even though the aspheric lens was designed for use with the LMU-40X-UBV
focusing objective, which has a magnification of 40, the aspheric lens can also be
used with other optical elements. This was finally done, since we aimed for a smaller
magnification to allow imaging of a larger area in the radial plane on the EMCCD

chip.
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