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Aufbau eines schwingungsarmen kryogenen Systems für eine RF-
Ionenfalle mit reduzierter Mikrobewegung:
Neuste Fortschritte ermöglichen das sympathetische Kühlen von hochgelade-
nen Ionen (HCI) auf mK Temperaturen in einer kryogenen linearen Paul-Falle.
Dies macht Hochpräzisionsspektroskopie von HCI möglich, was den Weg für die
Suche nach neuer Physik und neuartigen optischen Uhren ebnet. Dafür wird
eine hochstabile und gut verstandene Paul-Falle benötigt. Besonders zusät-
zliche Mikrobewegung muss charakterisiert und reduziert werden, da diese die
niedrigste erreichbare Ionentemperatur und somit Präzision von Spektroskopie
limitieren kann. Während dieser Arbeit wurde eine neue kryogene Zuleitung
teilweise aufgebaut, welche durch Vibrationsentkopplung die Stabilität der
Speicherung erhöht. Bei der ersten Abkühlung wurde eine Temperatur von
4,23 K in der Fallenumgebung erreicht, wodurch der vorgesehene RF Paul-
Fallen-Resonator aus Niob supraleitend betrieben werden kann. Weiterhin
wurde eine Photonkorrelationsmethode an der bereits existierenden kryoge-
nen linearen Paul-Falle mit 9Be+ Ionen angewandt um die Fallenfrequenz aus
einer Messung der Phasenverschiebung zwischen der Bewegung getriebener Io-
nen und der treibenden Kraft zu bestimmen. Aus der Fallenfrequenz wurde
die Vergrößerung des Abbildungsystems ermittelt???. Dieselbe Photonkorre-
lationstechnik wurde verwendet um die zusätzliche Mikrobewegung zu messen
und um deren Reduktion um einen Faktor von nahezu 100, im Vergleich zu
einer früheren Messung, zu zeigen.

Setup of a vibration-suppressed cryogenic system for a RF ion trap
with minimum micromotion:
Recent advancements allow for sympathetic cooling of highly charged ions
(HCI) to mK temperatures in a cryogenic linear Paul trap. This makes high
precision spectroscopy of HCI possible, paving the way to the search for new
physics and novel optical clocks. For this, a highly stable and well-understood
Paul trap is required. In particular, excess micromotion needs to be charac-
terized and reduced, since it can limit the lowest achievable ion temperature
and therefore spectroscopic precision. Within this thesis, a new cryogenic
supply system was partly assembled, which allows for vibrational decoupling
of the trap, increasing storage stability. The first cool down test achieved a
temperature of 4.23 K in the trap environment, which is sufficiently low for
superconductive operation of the intended RF-resonator made from niobium.
Additionally, a photon-correlation technique was used on the existing cryogenic
linear Paul trap using 9Be+ ions for determination of the trap frequency by
measuring the phase shift between the driven ions motion and the driving field.
From the trap frequency the magnification of the imaging system is deduced.
The same photon-correlation technique is used to measure excess micromotion
and to demonstrate its reduction by a factor of 100 compared to a previous
measurement by using new electronics.
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2.6.2.1 Hänsch-Couillaud method . . . . . . . . . . . . . 27

2.6.2.2 Pound-Drever-Hall method . . . . . . . . . . . . 29

3 The cryogenic Paul trap 35

3.1 The cryogenic system . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3 Optical arrangement . . . . . . . . . . . . . . . . . . . . . . . . . 38

4 Generation and cooling of 9Be+ 41

4.1 Beryllium oven . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Photoionization laser . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Laser cooling of 9Be+ . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.4 Temperature estimation . . . . . . . . . . . . . . . . . . . . . . . 48

5 Measuring coherent ion motion 51

5.1 Characterization of the ADC . . . . . . . . . . . . . . . . . . . . . 53

5.1.1 Temporal resolution . . . . . . . . . . . . . . . . . . . . . 53



CONTENTS

5.1.2 Normalisation . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.1.3 Time calibration . . . . . . . . . . . . . . . . . . . . . . . 54

5.2 Centre of mass mode . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.3 Magnification of the imaging system . . . . . . . . . . . . . . . . 62

5.4 Axial excess micromotion . . . . . . . . . . . . . . . . . . . . . . . 65

6 CryPTEx II 69

6.1 The cryogenic supply . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.2 Cooling down . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7 Summary and outlook 79

Bibliography 81



Chapter 1

Motivation

Todays most successful physics model is arguably the Standard Model of particle

physics. It describes the weak, strong and electromagnetic interaction as well as

all known fundamental particles; only gravity remains unexplained in this ap-

proach. Within the Standard Model all forces are mediated by gauge bosons and

their coupling strength is described by a constant. These fundamental constants

of nature can not be predicted by theory and have to be measured. For the elec-

tromagnetic force the carrier is the photon, coupling to electric charge and the

interaction strength is given by the fine structure constant

α =
e2

4πε0~c
, (1.1)

with e the elementary charge, ε0 the vacuum permittivity, ~ the reduced

Planck constant and c the speed of light. The currently recommended

value from CODATA for α is for historical reasons often given in the form

1/α = 137.035999139(31) [1].

In the search for physics beyond the Standard Model, a variety of theories were

developed of which some predict that the fundamental constants, including α,

are actually not constant but vary on cosmological time scales [2]. The earliest

argument for varying constants goes probably back to Dirac, who in 1937 argued

for a variation of the gravitational constant G over time [3, 4]. Since then many

experiments have been performed in the search for such behaviour, for example of

G, α and the proton-to-electron mass ratio µ = mp/me [5]. These measurements

are usually performed either in laboratories with high precision on the time scale

of a few years or using cosmological measurements which provide large times

scales but have limited precision [5].

So far no measurement revealed a significant change in any fundamental constant

expect for a result from Webb et al. [6], where the spectra of quasars taken with
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CHAPTER 1. MOTIVATION

the Keck and Very Large Telescope were analysed. This showed a significant

spatial variation of α at the 4.2σ level, which was best described by a dipole,

often called the Australian dipole. This result is ground-breaking if correct though

it needs to be verified independently, preferably with a laboratory experiment.

As of now this was not possible due to the required precision. The predicted

spatial variation throughout the universe would on earth correspond to a temporal

variation due to the movement of the earth through the proposed dipole, resulting

in a relative change of [7]
α̇

α

∣∣∣
earth
≈ 10−19 yr−1. (1.2)

One promising candidate to achieve such an accuracy are optical clocks [7, 8,

9]. For these, the frequency of an electronic transition in the optical regime is

measured with high precision. These frequencies are optimal candidates for the

search of α variation, since relative uncertainties below 10−17 have been achieved

[10, 11, 12]. The change δE of a transition energy E0 due to a variation of α is

usually described by
δE

E0

=
2q′

E0

δα

α
≡ K

δα

α
, (1.3)

where q′ is a factor describing the sensitivity of the particular transition to a

change of α and K is the dimensionless analogue. For most transitions of atoms

and singly charged ions (e.g. Sr, Al+, Hg+) used in optical clocks today, K is of

the order of 1 or below as given in Tab. 1. The currently best limit with respect

to α variation using conventional ions is

α̇

α
= (1.6± 2.3)× 10−17 yr−1 (1.4)

from Rosenband et al. [13], showing no significant deviation from zero. For this

measurement, the frequencies of an Al+ and a Hg+ optical transition (∆K ≈
−2.9) were compared over the course of a year. Though this result already

achieved a high precision, it is still two orders of magnitudes short of the predicted

change by Webb et al. For a further improvement, either the precision needs to

be increased or transitions with larger values for K need to be used.

For this purpose, highly charged ions (HCI) were suggested as candidates for new

optical clocks due to a high sensitivity to α variation for certain transitions [14,

16]. Most transitions of HCI are in the X-ray regime due to the valence electrons

being bound closely to the nucleus and the correspondingly large electric fields.

In some cases though, level crossings appear which generate optical transitions.

Some of these have been shown to exhibit large values for K. Examples are

given in Tab. 1. A particular interesting candidate is Ir17+, since it not only

2



CHAPTER 1. MOTIVATION

Table 1: Sensitivity factor K for α variation for some commonly used clock
atom and singly charged ion transitions as well as some proposed transitions in
HCI [8, 14, 15, 16].

Atom Sensitivity factor K Wavelength λ (nm)

Sr 0.06 689

Al+ 0.008 267

Hg+ -2.9 282

Ir17+ -20.6 ≈ 267

Ir17+ 145 ≈ 1960

Pr10+ 40 ≈ 2700

Pr10+ 22 ≈ 1400

has multiple transitions with large K values, but also with opposite signs for

K, further increasing the sensitivity [14]. This allows for ∆K > 100 using two

transitions of the same HCI, an increase of more than one order of magnitude

compared to the ions used by Rosenband et al.

The production of HCI requires high energies to remove the necessary amount

of electrons. This results in high temperatures (≈ MK) and a cooling scheme

is required to allow for high precision spectroscopy. At CryPTEx (cryogenic

Paul trap experiment) [17], Ar13+ was the first sympathetically cooled HCI in a

cryogenic linear Paul trap, bringing its temperatures down to ≈ 10 mK [18, 19,

20]. For this, 9Be+ ions are stored and laser cooled inside a cryogenic linear Paul

trap. Ar13+ ions are produced in an electron beam ion trap (EBIT) at MK and

are transferred to the Paul trap through a beam line. There they are injected and

thermalise with the 9Be+ ions achieving temperatures in the mK regime. This

progress gives access to the advantages of the large variety of HCI compared to

neutral or singly charged ions for spectroscopy.

While α variation is certainly an important and interesting application for cold,

stored HCI, other tests of fundamental physics are possible [21]. For example,

trapped ions can be used in a Michelson-Morley like experiment to test local

Lorentz invariance (LLI). For this, the wavepacket of an electron is split anisotrop-

ically and recombined after some time. The interference of the two parts of the

wavepacket gives access to LLI due to the motion of the earth. This has so far

only been done with Ca+ ions [22], but it has been shown that certain HCI have

a particularly high sensitivity to LLI violation [23].

Electronic transitions of HCI are mostly in the extreme ultraviolet regime (XUV),

since the valence electrons experience much larger electric fields compared to neu-

tral atoms with the same amount of electrons. Recent advancements allowed for

3



CHAPTER 1. MOTIVATION

operation of frequency combs in the XUV from the infrared using high harmonic

generation [24, 25]. This might open a way to new frequency standards based on

HCI, with higher precisions than currently achievable with optical clocks [26].

In this thesis CryPTEx II, the successor experiment of CryPTEx, was partly as-

sembled. It is expected to achieve longer storage times for HCI, due to better

mechanical stability as well as a more stable trapping potential. This will make

ground-state cooling and quantum logic spectroscopy [27] available for high pre-

cision spectroscopy. Assembly of CryPTEx II is still going on by the end of this

thesis. Therefore, laser cooled 9Be+ ions were stored in its predecessor CryPTEx

and a photon-correlation technique [28] was used to demonstrate characteriza-

tion of the trapping frequencies, imaging system and micromotion. In particular,

a reduction of axial excess micromotion is shown compared to a previous mea-

surement [29]. This is important, since micromotion can limit the temperature

achievable through Doppler cooling [28] and can cause time-dilations shifts, which

can restrict high precision spectroscopy [30]. The used techniques can also be ap-

plied to CryPTEx II, where a small micromotion is important, since ground-state

cooling requires an initial temperature close to the Doppler limit.

4



Chapter 2

Theory

In this chapter the theoretical models relevant for this thesis are discussed. At

the beginning, the linear Paul trap for storage of ions is explained as well as the

resulting motion in such a trap, consisting of a secular motion and micromotion.

Then Doppler cooling is examined, which makes it possible to cool stored ions to

temperatures in the mK regime. The next part covers the ordered structures of

such cold, stored ions form, called Coulomb crystals. In particular, the case of a

1-dimensional ion chain is looked at. Furthermore, the driven harmonic oscillator

is reviewed, which can be used to approximately describe the ion motion if it

becomes driven. In the last two parts nonlinear optics and optical resonators are

discussed, which are vital to the used optical setups and permit the generation

of lasers beams for production and cooling of 9Be+ ions.

2.1 The linear Paul trap

Electric fields are a natural choice for the storage of ions due to their strong cou-

pling to charges. Earnshaw’s theorem makes it impossible to generate a purely

electrostatic potential with a global minimum. Therefore, a combination of dy-

namic and static electric fields is used to confine ions. The linear Paul trap is one

example of such an ion trap. The following chapter is based on [28] and [31].

For the radial confinement a quadrupole field is used, which is described by the

electric potential

φ =
φ0

r2
0

(αx2 + βy2 + γz2). (2.1)

The generated potential of four hyperbolically shaped electrodes in the setup

shown in Fig. 2.1 gives for Eq. (2.1)

φ =
φ0

r2
0

(x2 − y2), (2.2)

5



CHAPTER 2. THEORY

-Φ0 -Φ0

Φ0

Φ0
x

y

z

2r0

Figure 2.1: Left: Scheme of an ideal Paul trap with hyperbolic electrodes for
radial trapping. The end-cap electrodes for axial trapping are not shown. Right:
Resulting radial electric potential from the setup on the left. Both images are
taken from [29].

where ±φ0/2 is the electrode voltage on each pair of opposite lying electrodes

and 2r0 is the length of the trap diagonal. The resulting radial potential shown

in Fig. 2.1 has a saddle point at (x, y) = (0, 0) and therefore a particle resting at

this position is unstable, as predicted by Earnshaw’s theorem. To overcome this

a periodic change of the polarity of φ(t) is used, which can be described by

φ(t) =
V

r2
0

(x2 − y2) cos(Ωt), (2.3)

where V cos(Ωt) is a radio frequency (RF) voltage supplied to each quadrupole

electrode. For axial confinement, two end-cap electrodes at a DC voltage of U

are used. The potential near the centre caused by these can be approximated by

φz =
κU

z2
0

[
z2 − 1

2
(x2 + y2)

]
, (2.4)

where κ is a geometric factor and 2z0 is the distance between the end-cap elec-

trodes. The total potential is then given by

φ(x, y, z, t) =
V

r2
0

(x2 − y2) cos(Ωt) +
κU

z2
0

[
z2 − 1

2
(x2 + y2)

]
. (2.5)

The equations of motion of a particle with mass m and charge Q in such a

potential are
d2u

dτ 2
+ (au + 2qu cos(2τ))u = 0 (u = x, y, z), (2.6)

6



CHAPTER 2. THEORY

Figure 2.2: Left: Stability diagram for the motion of an ion in an ideal Paul trap
in x- and y-direction for a = ax = ay and q = qx = −qy. Only the overlapping
region for 0 < a, q < 1 is experimentally relevant. Adapted from [31]. Right:
Motion of an ion in an ideal Paul trap in radial direction for q = 0.2 and a = 0.01.
The motion is dominated by the secular motion at a frequency ωx/y given by Eq.
(2.11). Modulations at frequency Ω are caused by micromotion and increase with
the distance to the trap centre.

with the dimensionless parameters

ax = ay = −1

2
az = − 4qκU

mΩ2z2
0

, (2.7)

qx = −qy =
4QV

mΩ2r2
0

, qz = 0, (2.8)

τ =
1

2
Ωt. (2.9)

The Eq. (2.6) are known as Mathieu equations and have two different types of

solutions:

1. Stable solutions: The particle oscillates with a limited amplitude in x- and

y-direction for all times.

2. Unstable solutions: The motional amplitude in x- and/or y-direction in-

creases exponentially.

The solution type depends only on the parameters a and q, and the stability

diagram for the x- and y-direction is shown in Fig. 2.2. In the overlapping

regions where x- and y-motion are simultaneously stable, trapping is possible.

Experimentally the region close to (a, q) = (0, 0) is commonly used. The motion

in z-direction is always stable if the kinetic energy is smaller than the axial trap

depth.

For typical experimental parameters |a| � 1 and |q| � 1, the first order solution

7
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of Eq. (2.6) is

u(t) ≈ u1 cos(ωut+ ϕu)
[
1 +

qu
2

cos(Ωt)
]
, (2.10)

with

ωu ≈
Ω

2

√
au +

1

2
q2
u. (2.11)

From Eq. (2.10), it can be seen that the motion of the ion in radial direction can be

decomposed into a secular motion at frequency ωu and a a so called micromotion

at frequency Ω. The latter is caused by the RF field which drives the ion, hence it

is coherent with the RF field. An example for the radial motion in an ideal Paul

trap is shown in Fig. 2.2. In axial direction qz = 0 holds, micromotion does not

exist and the particle moves harmonically with a frequency ωz given by equation

Eq. (2.11). The secular motion is an incoherent, thermal motion, in contrast

to the driven micromotion. Laser cooling can only reduce the energy in secular

motion. This reduces its amplitude u1 and correspondingly the amplitude (and

therefore energy) of the micromotion is reduced.

For the case of an ideal Paul trap only micromotion in radial direction, which

is proportional to the amplitude of the secular motion exists. In a real trap,

additional micromotion can be caused by multiple effects. For example, assuming

there exists an additional static electric field ~EDC interacting with the trapped

ion, Eq. (2.6) becomes

d2u

dτ 2
+ (au + 2qu cos(2τ))u =

QEDC,u

m
(2.12)

and the solution to lowest order is given by

u(t) ≈ [u0 + u1 cos(ωut+ ϕu)]
[
1 +

qu
2

cos(Ωt)
]
, (2.13)

where

u0 ≈
QEDC,u

mω2
u

. (2.14)

The field ~EDC moves the central position of the ion to u0 and introduces an

oscillation with amplitude u0qu/2 and frequency Ω. This additional motion is

called excess micromotion, since in principle it can be avoided. It can not be

reduced by laser cooling, since it is driven.

Excess micromotion can also be caused by a phase difference ϕAC between elec-

trodes of the same phase, e.g. electrodes along the x-axis. This results in an

additional driven motion of the ion at frequency Ω with a amplitude qxr0ρϕAC

along the x-axis, where ρ depends on the geometry of the trap (for the calculations

see [28]).

8
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Like any other motion, micromotion introduces a Doppler shift, which modifies

the interaction of the trapped ion with a light field (see Sec. 2.2). For typical

experimental parameters micromotion is harmonic with a velocity ~v. The Doppler

shift with respect to a light field with wavevector ~k ( |~k| = 2π/λ = 2πν/c, λ:

wavelength of the light, c: speed of light) can to lowest order be described as

~k~v(t) = vmax cos(Ωt+ ϕ), (2.15)

where vmax is the velocity amplitude and ϕ describes a phase shift between RF

field and ion motion.

Micromotion is the limiting factor when using Doppler cooling (see Sec. 2.2) in a

Paul trap. The secular motion can in principle cooled down to the Doppler limit,

since it is a thermal motion. Micromotion on the other hand is a driven motion

and can therefore not be cooled through laser cooling and it can modify the

absorption spectrum in such a way that heating occurs when cooling is expected

[28]. Hence, it is essential to reduce excess micromotion to a minimum to allow

for temperatures near the Doppler limit. A measurement of the axial excess

micromotion at CryPTEx is given in Sec. 5.4.

From Eq. (2.10) it can be seen that the motion is dominated by the secular

motion if |a| � 1 and |q| � 1. Therefore, it is often convenient to describe the

system with a harmonic pseudopotential

φPseudo =
1

2
m(ω2

xx
2 + ω2

yy
2 + ω2

zz
2) (2.16)

with the trap frequencies

ωx = ωy =

√
2

(
QV

mΩr2
0

)2

− QκU

mz2
0

, (2.17)

ωz =

√
2QκU

mz2
0

. (2.18)

The system is then identical to a 3-dimensional harmonic oscillator.

2.2 Doppler cooling

Doppler cooling is a commonly used method to cool atoms and ions through

their interaction with a light field. It is based on photons having a momentum

of ~~k and therefore, if an atom absorbs a photon, the momentum of the atom

changes as well as its internal state. This, combined with spontaneous emission

9
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being isotropic, allows for a directed transfer of momentum (and therefore kinetic

energy) over many absorption-emission cycles. The atom-light interaction also

depends on velocity through the Doppler shift and allows in that way for cooling.

For simplicity, only the non-relativistic case will be discussed here and it is as-

sumed that the atom can be approximated by a two-level system with a ground

and an excited state, which can be coupled through a laser field. The following

discussion is based on [32] and [33].

Assume there to be an atom of mass m with a velocity ~v in the laboratory frame.

Let there also be a monochromatic laser beam with a frequency ν parallel or

antiparallel to the atoms trajectory and with a detuning of δ with respect to the

electronic transition of the atom. Due to their relative motion, the frequency of

the photons is Doppler shifted in the reference frame of the atom by

δDoppler = −~k · ~v = ±|~k||~v|. (2.19)

The sign depends on whether the atom moves towards the photons (+) or away

from them (−). The total detuning is then given by

∆ = δ + δDoppler = δ ± |~k||~v|. (2.20)

The probability for the atom to absorb a photon depends strongly on the ratio

of the natural linewidth of the transition Γ and the total detuning ∆. It becomes

most probable for

∆ = 0 ⇐⇒ ±|~k||~v| = −δ. (2.21)

For δ < 0 (red detuned case), the atom and the laser beam need to move towards

each other to match this condition for resonance. For δ > 0 (blue detuned

case) they need to move collinearly. In the blue detuned case the momentum

of the atom will increase for each absorbed photon, since absorption changes

the momentum of the atom by ~~k. In the red detuned case the absorption of

a photon reduces the momentum. Therefore, only red detuning with the laser

beam directed towards the atom is experimentally relevant for cooling.

If the atom absorbs a photon, it becomes excited and gains the momentum ~~k.

The atom will then deexcite by emitting a photon and return to its ground state.

The second step can happen via two different possible processes illustrated in Fig.

2.3a:

1. Stimulated emission: the photon is emitted into the direction of the

laser. This means the atom gains the momentum −~~k, i.e. the overall state

of the atom has not changed after one absorption-emission cycle.

10
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Figure 2.3: (a) Illustration of an absorption-emission cycle. An atom (black)
of mass m described by a two-level system moves with a velocity ~v. A counter
propagating red-detuned photon (blue) with momentum ~~k can be absorbed if
the Doppler shift caused be the relative motion of photon and atom compen-
sates the detuning. After absorption the atom momentum becomes reduced by
~~k and the atom is excited. For deexcitation of the atom there are two possible
pathways. Firstly, stimulated emission, where a photon identical to the initial
photon is produced and the overall state of the atom did not change. Alterna-
tively, spontaneous emission generates a photon in a random direction, which on
average does not change the momentum of the atom, i.e. the momentum of the
atom was reduced by ~~k. (b) A harmonically trapped particle is only resonant
during a certain time window (grey box) when the velocity of the ion allows for
resonant coupling of the laser to the particle. Laser cooling reduces its kinetic
energy until it no longer becomes resonant with the laser.

2. Spontaneous emission: the photon is emitted isotropically. Averaged

over many emission cycles this does not change the momentum, and there-

fore the total averaged momentum change of the atom for each absorption-

emission cycle is ~~k.

Therefore, only spontaneous emission allows for cooling of the atom. The average

reduction in speed per absorption-spontaneous emission cycle is given by the recoil

speed

vr =
~|~k|
m

. (2.22)

Hence, with each cycle of absorption followed by spontaneous emission the laser

will be farther red detuned to the transition in the frame of the atom, reducing

the likelihood of scattering. To allow for further momentum transfer a change of

the laser frequency or the transition energy (e.g. Zeeman Slower [34]) is required.

Another possibility is to artificially broaden the transition linewidth (e.g. by

power broadening) to stay resonant over a wider range of frequencies.

To get a quantitative description, the average force due to continuous scattering

11
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Figure 2.4: Left: Damping coefficient β as a function of the total detuning for
different saturation parameters. Right: Steady-state temperature of the atom
achieved by Doppler cooling as a function of the laser detuning for ξ = 1. The
lowest temperature is achieved for δ/Γ = −1/2.

of photons from the atom is used:

〈~F 〉 = ~~kΓρee (2.23)

=
~~kΓs0

2(1 + s0 + (2(δ − ~k~v)/Γ)2)
.

Here ρee is the probability of the atom to be in the excited state and the saturation

parameter

s0 =
I

Is

(2.24)

was introduced, which depends on the saturation intensity of the transition

Is =
π~cΓ
3λ3

. (2.25)

Assuming that the velocity is small (|~k~v| � Γ) a Taylor expansion of Eq. (2.23)

to first order yields

〈~F 〉 ≈ ~~kΓs0

2(1 + s0 + (2δ/Γ)2)
+

4~~k(~k~v)δs0

Γ(1 + s0 + (2δ/Γ)2)2
(2.26)

= ~F0 + β~v, (2.27)

where F0 is a velocity-independent force, which does not contribute to cooling

and β is a damping coefficient, which is plotted in Fig. 2.4. From Fig. 2.4 it can

be seen that only for red detuning the atom’s motion is damped, while for blue

detuning it becomes accelerated, as previously noted.

So far it was neglected that Doppler cooling is a statistical process, which gives a
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lower bound to the achievable temperature. The atom performs a random walk,

since during each spontaneous emission it gains the momentum ~~k in a random

direction. This leads to an atom temperature

kBT =
(1 + ξ)~((Γ/2)2 + δ2)

−4δ
, (2.28)

where kB is the Boltzmann constant and ξ takes into account the angular distri-

bution of the photon emission and is of order 1. Eq. (2.28) is plotted in Fig. 2.4

for ξ = 1. The lowest energy is achieved for δ = −Γ/2 and is given by

kBTD =
(1 + ξ)~Γ

4
(2.29)

≈ ~Γ

2
,

which is the so called Doppler limit. Note that this result only holds in the case

of s0 → 0, since otherwise power broadening occurs and the natural linewidth Γ

has to be replaced with the effective linewidth Γeff = Γ
√

1 + s0, i.e. the minimal

temperature increases.

The previous discussion treated a free particle with a classical motion, though

experimentally the ion is trapped in an approximately harmonic potential char-

acterized by the trap frequency ω (see Sec. 2.1). This is described by the position

dependent energy 1/2mω2z2 with z the ion distance from centre. In such a case

the motion of the ion can be quantized, which leads to resonant sidebands at de-

tunings δ = ±nω (n ∈ N). For this thesis such a treatment is not necessary, since

the used cooling transition has a linewidth Γ/2π ' 20 MHz, while typical trap

frequencies are on the order of ω/2π ≈ 100 kHz. Therefore the sidebands are not

resolved and the motion can be treated classically. The ion can be described as

scanning the velocity space and only being resonant during a certain time frame,

in which it is cooled. This happens until the ion’s velocity is not high enough

to become resonant with the laser or the minimal temperature is reached. An

illustration is shown in Fig. 2.3.

The Doppler limit for the transition of 9Be+ used in this thesis is TD ≈ 500 µK

for s0 → 0. To achieve lower temperatures other cooling methods need to be

employed, e.g. resolved sideband-cooling [32], where resolved sidebands (Γ� ω)

are used to remove quanta of motion from the quantized ion motion by driving

transitions on the sidebands. Doppler cooling is regularly used as an initial step,

since this technique requires temperatures close to the Doppler limit to be started.

For a single 9Be+ ion resolved-sideband cooling has been done [35] using a Raman

transition of the hyperfine structure of the ground state (see Fig. 4.1 for the term

13
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Figure 2.5: CCD images of Coulomb crystals made of 9Be+ ions. Left: Small
crystal consisting of about 20 ions. Individual ions are distinguishable from each
other. Right: Large crystal consisting of about 400 ions. The typical shell
structure is visible.

diagram), since this allows for a sufficiently narrow linewidth Γ.

2.3 Coulomb crystallization

If a cloud of trapped ions is cooled to a sufficiently low temperature, it forms an

order structure called a Coulomb crystal, in which the ions are highly localized.

In the following some properties of these ion formations in a Paul trap on the

basis of [36] will be discussed.

The thermodynamics of three-dimensional Coulomb crystals can quantitatively

be described by the plasma coupling parameter

Σ =
Q2

4πε0aWSkBT
, (2.30)

where aWS is the Wigner-Seitz radius, which is related to the density n0 through

1

n0

=
4

3
πa3

WS. (2.31)

Σ can be understood as the ratio of potential energy, given by the Coulomb

interaction of the ions in the plasma, and the kinetic energy, given by the plasma

temperature. From numerical simulations it is known that for Σ ' 2 a shell

structure starts to form. It becomes fully pronounced for Σ ≈ 140, though within

the shells the ions are still best described by a liquid. Only for Σ ' 300, the

shells are fully crystallized and the whole object can be described as a solid. See

Fig. 2.5 for experimental realizations of Coulomb crystals of 9Be+ ions.

Technically, one could use Σ to estimate the temperature of the crystal, though

it is imprecise, since it relies on optical comparisons and the boundaries between

different regions are not clear-cut.

Experimentally, the ion density in the Paul trap can be determined from the
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radial confinement characterized by the RF frequency Ω and its peak voltage V

by using [37]

n0 =
ε0V

2

mΩ2r4
0

. (2.32)

This is derived within the pseudopotential approximation at an plasma tempera-

ture of 0 K. Assuming that a given crystal can be described by a perfect spheroid,

the number of ions N can be calculate through

N =
4π

3
R2Ln0, (2.33)

where R is the radial and L is the axial extension of the crystal, which can be

measured using a CCD image of the trapped ions, given that the magnification

is known.

The ratio η = R/L gives also access to the ratio of the axial to the radial trap

frequency: [36]

ω2
z

ω2
r

=



−2
sin−1(1− η2)1/2 − η(1− η−2)1/2

sin−1(1− η2)1/2 − η−1(1− η−2)1/2
η > 1

−2
sinh−1(1− η2)1/2 − η(1− η−2)1/2

sinh−1(1− η2)1/2 − η−1(1− η−2)1/2
η < 1.

(2.34)

During the work of this thesis only crystals with the prolate case (L > R) were

used, as they exhibit less micromotion compared to crystals with R > L (see

Sec. 2.1). Eq. (2.34) is of particular interest, since ωz can be determined from

ion chains or through excitation (see Sec. 5.2). This is not as easily possible

for ωr, but Eq. (2.34) permits it to estimate ωr from the geometry off a crystal

determined through a CCD image.

2.3.1 Ion chains

The simplest configuration for N ions in a Paul trap is a 1-dimensional string

along the trap axis, which can be achieved in a 3-dimensional trap for N ions if

ωr
ωz

> 0.73N0.86 (2.35)

is satisfied [38]. An example for a chain of five ions is shown in Fig. 2.6. For

the following discussion the ion chain is assumed to be made of only a single ion

species and the approach given in [38] is followed.
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Figure 2.6: CCD image of an ion chain made of five 9Be+ ions, with ωr/2π ≈
164 kHz and ωz/2π ≈ 40 kHz.

Equilibrium positions

The potential energy of an ion chain consisting of N particles of mass m and

charge Q in a static harmonic potential with trap frequency ωz is given by

V =
N∑
i=1

1

2
mω2

zzi(t)
2 +

N∑
i,j=1
i 6=j

Q2

8πε0

1

|zi(t)− zj(t)|
, (2.36)

where zi(t) denotes the position of the i-th ion. Such a system can for example

be given by ions inside a Paul trap, described by its pseudo-potential. For the

following calculations the ions are assumed to be sufficiently cold so that the

position can be described by

zi(t) ≈ zi,0 + qi(t) i = 1, 2, ..., N, (2.37)

where zi,0 is the equilibrium position and qi(t) describes a small motion around it.

Experimentally this is realized through laser cooling. The equilibrium position is

defined by
∂V

∂zi

∣∣∣∣
zi=zi,0

= 0, (2.38)

which can be shown to result in the following relations for the positions zi,0:

mω2
zzi,0 −

Q2

4πε0

(
i−1∑
j=1

1

(zi,0 − zj,0)2
−

N∑
j=i+1

1

(zi,0 − zj,0)2

)
= 0. (2.39)

These equations can be solved analytically in the case of N = 2 and N = 3 and
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yield the solutions

N = 2 : z1,0 = − 3

√
Q2

16πε0mω2
z

, z2,0 = 3

√
Q2

16πε0mω2
z

, (2.40)

N = 3 : z1,0 = − 3

√
5Q2

16πε0mω2
z

, z2,0 = 0, z3,0 = 3

√
5Q2

16πε0mω2
z

. (2.41)

For larger values of N , numerical calculations are required. The solutions for

N ≤ 10 are given in [38].

Eigenfrequencies

For the calculation of the eigenfrequencies, qi(t) is assumed to be small and a

Taylor expansion of Eq. (2.36) up to second order is performed:

V ≈ V (~z0) +
1

2

N∑
i,j=1

∂2V

∂zi∂zj

∣∣∣∣
~z0

(zi(t)− zi,0)(zj(t)− zj,0). (2.42)

The Lagrangian as a function of the displacements qi(t) can then be written as

L ≈ m

2

N∑
i=1

q̇i
2 − 1

2

N∑
i,j=1

∂2V

∂zi∂zj

∣∣∣∣
~z0

qi(t)qj(t) (2.43)

=
m

2

[
N∑
i=1

q̇2
i −

N∑
i,j=1

Aijqiqj

]
, (2.44)

where the matrix Aij is explicitly given by

Aij =


∂2V

∂z2
i

∣∣∣
~z0

= ω2
z +

Q2

2πε0m

N∑
k=1
k 6=i

1

|zi,0 − zk,0|3
for i = j

∂2V

∂zi∂zj

∣∣∣
~z0

= − Q2

2πε0m

1

|zi,0 − zj,0|3
for i 6= j.

(2.45)

The Euler-Lagrange equations of this system are a set of N coupled differential

equations

q̈i +
N∑
k=1

Aikqk = 0. (2.46)

The motion of the ion is expected to be oscillatory and therefore q̈i = −ω2
pqi can
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(a) COM mode

(b) Breathing mode

Figure 2.7: Illustration of the two lowest eigenfrequencies for two ions trapped
in a harmonic potential. (a) COM mode, describing a collective motion of all ions
in phase and with the same amplitude. (b) Breathing mode, describing a motion
where the ions on each side of the trap centre move in phase and are out of phase
by π with respect to the other side.

be used, where ωp is an eigenfrequency of the system. This gives

N∑
k=1

Aikqk = ω2
pqi, (2.47)

i.e. the motion is described by the normalised eigenvectors ~vp (qi ∝ vpi ) and

eigenvalues ω2
p of Aij. Both the eigenvectors and the eigenfrequencies can be

algebraically calculated for N = 2 and N = 3. Using the equilibrium positions

given in Eq. (2.40) and (2.41), they can be expressed as

N = 2 : ~v1 =
1√
2

(1, 1), ω2
1 = ω2

z ,

~v2 =
1√
2

(1,−1), ω2
2 = 3ω2

z ,

(2.48)

N = 3 : ~v1 =
1√
3

(1, 1, 1), ω2
1 = ω2

z ,

~v2 =
1√
2

(−1, 0, 1), ω2
2 = 3ω2

z ,

~v3 =
1√
2

(1,−2, 1), ω2
3 =

29

5
ω2
z .

(2.49)

Higher numbers of N require numerical calculations and are given for N ≤ 10 in

[38].

The lowest eigenfrequency for a system of N ions corresponds to the trap fre-

quency and is associated with the so called centre of mass mode (COM). It de-

scribes a movement, where all ions move in phase and the distance between the
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ions does not change. The second eigenfrequency is the so called breathing mode

and describes a movement where all ions on each side of the trap centre are in

phase, but the sides have a relative phase difference of π. The amplitude of each

ion’s motion is proportional to the distance of its equilibrium position to the trap

centre. An illustration of these modes is shown in Fig. 2.7.

2.4 The driven harmonic oscillator

The harmonic oscillator is an important physical model and can often be used as

an approximate description for various systems. Here it will be discussed shortly

based on [39], which gives a more detailed explanation.

The equation of motion for the driven harmonic oscillator for a particle of mass

m is typically written in the form

ẍ+ 2γẋ+ ω2
0x =

F (t)

m
, (2.50)

where γ describes a damping force and ω0 is the eigenfrequency of the undamped

system (γ = 0) without an external driving force F . Only the case of a periodic

force F (t)/m = K0 sin(ωt) will be considered. This leads to the nonhomogeneous

differential equation

ẍ+ 2γẋ+ ω2
0x = K0 sin(ωt). (2.51)

The general solution of such an equation is composed of a homogeneous part (free

damped harmonic oscillator) and a particular part and can be written in the form

x(t) = A1e
−γt cos(ω1t+ ϕ1) + A2 cos(ωt+ ϕ), (2.52)

with ω1 =
√
ω2

0 − γ2. From Eq. (2.52) it can be seen, that for t � 1/γ the first

term becomes negligible and only the second term

x(t) = A2 cos(ωt+ ϕ), (2.53)

called the steady-state solution, is relevant. Inserting Eq. (2.53) into Eq. (2.51)

yields

A2(ω) =
K0√

(ω2
0 − ω2)2 + (2γω)2

(2.54)

and

tan(ϕ) = − 2γω

ω2
0 − ω2

. (2.55)

Eq. (2.54) and (2.55) are plotted in Fig. 2.8. The frequency ωR for which the
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Figure 2.8: Left: Amplitude of the driven harmonic oscillator as a function of
the relative driving frequency as given by Eq. (2.54). Note that the peak is not
on the eigenfrequency of the free harmonic oscillator, but rather shifted to lower
frequencies. Right: Phase of driven motion relative to driving force as a function
of the relative driving frequency as described by Eq. (2.55).

oscillation amplitude is maximal is found to be

ωR =
√
ω2

0 − 2γ2. (2.56)

This is real for γ/ω0 < 1/
√

2 and resonance occurs then below the eigenfrequency

of the undamped system (γ = 0). For γ/ω0 ≥ 1/
√

2, the system is overdamped

and the amplitude has no maximum. The relative phase ϕ between driving field

and oscillatory motion on the other hand is always ϕ = −π/2, when ω = ω0.

However, the shape and curvature of ϕ(ω) are dependent on γ/ω0.

2.5 Nonlinear optics

Nonlinear optics describes a nonlinearity in the response of a medium to a electric

field ~E associated with a light field. This in general leads to many different effects.

Here second harmonic generation and three wave mixing will be discussed, which

are used in the optical setups at CryPTEx. For a more detailed discussion see

[40] which this section is based on.

From Maxwell’s equations it is known that light can be described as an elec-

tromagnetic wave. Therefore, light is associated with an electric field ~E which

interacts with matter and leads there to a polarization ~P . In the following only a

homogeneous, isotropic medium will be discussed. The isotropy guarantees that

the vectors ~E and ~P are parallel and therefore each component can be examined

individually, i.e. vector notation is not necessary. The relationship between them
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can then often be expressed as a linear response

P = ε0χE, (2.57)

where ε0 is the vacuum permittivity and χ is the medium-dependent electric

susceptibility. In many cases though, the response is nonlinear.

The polarization, in general, is a function of the electric field P (E). The external

electric field E from a light field is usually small compared to electric fields present

inside matter and P can be expanded in a Taylor series

P = ε0(χ(1)E + χ(2)E2 + χ(3)E3 + ...), (2.58)

which to first order approximation becomes Eq. (2.57). Only the linear and the

quadratic term will be taken into account, where the latter one is relevant for the

nonlinear effects discussed here:

PNL = ε0χ
(2)E2. (2.59)

The wave equation for the propagation of an electromagnetic wave inside a

medium, in which a nonlinear response to second order is relevant, is given by

∇2E − 1

c2

∂2E

∂t2
= −S, (2.60)

S = −µ0
∂2PNL

∂t2
, (2.61)

with c the speed of light and µ0 the vacuum permeability. S can be seen as a source

term for radiation. An incoming light field E0 generates a source S(E0), which

produces a field E1. This again would generate a source S(E1) etc., leading to an

iterative solution. To simplify this, the nonlinearity is assumed to be sufficiently

small so that only the initial wave acts as a source and produces a corresponding

field. Any higher orders are neglected. This approach is called the first Born

approximation. For the further discussion it is taken to be valid.

2.5.1 Second harmonic generation

The simplest case to consider is that of a monochromatic light field with an

angular frequency ω described by

E(t) = E0 cos(ωt), (2.62)
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which interacts with a nonlinear medium. Inserting this into Eq. (2.59) gives

PNL = ε0χ
(2)E2

0 cos2(ωt) (2.63)

= ε0χ
(2)E2

0

1

2
(1 + cos(2ωt)) (2.64)

=
1

2
ε0χ

(2)E2
0 +

1

2
ε0χ

(2)E2
0 cos(2ωt). (2.65)

The nonlinear term leads to a constant polarization and a dynamical polarization

with twice the frequency of the incoming fundamental wave. Together with Eq.

(2.61) this gives the source term

S ∝ E2
0 cos(2ωt), (2.66)

i.e. the medium radiates a wave at twice the incoming frequency. The amplitude

of this field is proportional to S and its intensity is then

I2ω ∝ |S|2 ∝ |E2
0 |2 = I2

0 . (2.67)

Therefore, the intensity of the so called second harmonic scales with the square

of the intensity I0 of the incoming harmonic wave. Furthermore, for this process

to happen phase matching needs to be employed, which is discussed at the end

of the next section.

2.5.2 Three-wave mixing

Next, the case of two monochromatic incoming waves with angular frequencies

ω1 and ω2 will be examined:

E = E1 cos(ω1t) + E2 cos(ω2t). (2.68)

The nonlinear polarization of the medium is then given by

PNL =ε0χ
(2)
[
E2

1 cos(ω1t)
2 + E2

2 cos(ω2t)
2 + 2E1E2 cos(ω1t) cos(ω2t)

]
(2.69)

=
ε0χ

(2)

2
[E2

1 + E2
2 + E2

1 cos(2ω1t) + E2
2 cos(2ω2t)

+ 2E1E2 cos ((ω1 + ω2)t) + 2E1E2 cos ((ω1 − ω2)t)].

(2.70)

The corresponding source term can be separated as

S = S2ω1 + S2ω2 + Sω1+ω2 + Sω1−ω2 (2.71)
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with

S2ω1 ∝ E2
1 cos(2ω1t), (2.72)

S2ω2 ∝ E2
2 cos(2ω2t), (2.73)

Sω1+ω2 ∝ E1E2 cos ((ω1 + ω2)t) , (2.74)

Sω1−ω2 ∝ E1E2 cos ((ω1 − ω2)t) . (2.75)

The first two terms correspond to the second harmonic generation of each in-

dividual wave. The third term describes a produced wave with the frequency

ω1 + ω2 and which is commonly called sum frequency generation. The fourth

term represents a generated wave at the frequency ω1−ω2 and is correspondingly

called difference frequency generation.

For these processes to happen further restrictions need to be employed. These

can be understood when considering light as photons. In this case the processes

are the interaction of two photons at energy ~ωa and ~ωb to generate a photon

with energy ~ωc, mediated by the medium. Alternatively one photon with energy

~ωc can generate two photons at the energies ~ωa and ~ωb. Employing energy

and momentum conservation gives

~ωa + ~ωb = ~ωc, (2.76)

~~ka + ~~kb = ~~kc. (2.77)

Eq. (2.77) is usually called the phase matching condition (in wave optics, the

wavevector ~k is related to the phase) and represents the major constraint for

nonlinear processes. If collinear waves in a dispersive medium with refractive

index n are considered, the wavevector can be written as |~k| = nω/c. Then Eq.

(2.77) becomes

naωa + nbωb = ncωc. (2.78)

The refractive index of real materials is frequency dependent and Eq. (2.76) and

(2.78) are usually not simultaneously satisfied. Often the polarization and angle

dependence of birefringent materials is used to overcome this and allow for three-

wave mixing. If a suitable material is found, the problem is reduced to precise

alignment of the medium to satisfy Eq. (2.78).

At CryPTEx, these processes are used to generate lasers for photoionization of
9Be atoms and laser cooling of 9Be+ ions. The photoionization laser at 235 nm is

produced from a 940 nm diode laser, which is twice frequency doubled by second

harmonic generation. The nonlinear medium is provided by a periodically poled

potassium titanyl phosphate (PPKTP) crystal for the first doubling stage and by
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a beta barium borat (BBO) crystal for the second stage. The cooling laser has a

wavelength of 313 nm and is produced from two lasers at 1050 nm and 1550 nm.

These are used for sum frequency generation using a periodically poled lithium

niobate crystal (PPLN), generating light at 626 nm. This is frequency doubled to

313 nm using a BBO crystal.

2.6 Optical resonators

An optical resonator is a system used to confine and store light. The setup usually

consists of multiple mirrors and supports only light with a specific wavelength.

At CryPTEx, optical resonators are used as a way to generate high intensities,

increasing the efficiency of second harmonic generation, which scales quadratic

with the intensity of the incoming harmonic wave (see Eq. (2.67)). In this section

the Fabry-Pérot resonator will be reviewed as an example for an optical resonator.

Then two techniques will be described, which can be used to lock the resonance

frequency of a cavity to the frequency of an incoming laser.

2.6.1 The Fabry-Pérot resonator

The simplest setup for an optical resonator is a Fabry-Pérot resonator consisting

of two plane mirrors opposite to each other, between which light is reflected

multiple times (see Fig. 2.9). This setup will shortly be discussed here as an

example. For a more detailed discussion see [40], where this section is adapted

from.

For the following discussion the mirrors are taken to be parallel, flat, and highly

reflective with a distance d separating them. First a system will be discussed,

where the amplitude of the light field after a round trip is the same as the initial

wave, i.e. ideal mirrors and no losses due to scattering or absorption inside the

resonator. This system can be described by a travelling wave between the two

cavity mirrors. A wave that reproduces itself after one round trip is called a mode

of the resonator. For a mode, the acquired phase ϕ needs to be a multiple of 2π:

ϕ = 2d|~k| = 4πνd

c
= 2πn, n ∈ N (2.79)

⇐⇒ 2νd

c
= n, (2.80)

where ν is the frequency of the incoming light field and c the speed of light.

This definition of a mode can be understood, if a wave continuously transmit-

ted through the incoupling mirror entering the resonator is considered. If the
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Figure 2.9: Schematic of a Fabry-Pérot resonator. The beams are all overlap-
ping, but are shown separated for clarity. An incoming laser beam Einc is entering
through the first mirror into the resonator. Inside, the initial wave E0 superim-
poses with the reflected wave Ei after i round trips. At each round trip the light
field gains an additional phase and the amplitude is reduced due to losses of the
cavity. After i round trips a part of the light field Eleak

i is leaked through the
incoupling mirror. Additionally, parts of the incoming beam Einc are reflected as
Eref

0 at the incoupling mirror and overlap with the leakage fields Eleak
i .

frequency of the incoming wave matches one mode of the cavity, it will interfere

constructively with itself. In any other case the wave will interfere destructively.

From Eq. (2.80) it follows that only discrete frequencies can be stored in a res-

onator. The modes of the resonator are separated by a spacing of

νF =
c

2d
, (2.81)

called the free spectral range.

So far only a lossless system was considered for which every wave, regardless of

the number of reflections, has the same amplitude. Therefore any phase mismatch

leads to complete destructive interference. In a real system this is not the case.

There a phase mismatch and loses inside the cavity have to be taken into account.

The initial wave E0 can be described after one round trip by

E1 = hE0 (2.82)

with

h = reiδ, (2.83)

where r < 1 ∈ R takes into account any losses (e.g. absorption, finite reflectivity

of the mirrors) and δ is the phase mismatch with respect to the incoming wave.

The after i round trips it can be written as

Ei = hiE0. (2.84)
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The wave inside the resonator is the superposition of all components

E = E0 + E1 + E2 + ... =
∞∑
i=0

hiE0 =
E0

1− h
. (2.85)

In an experiment only the intensity I can be measured. Using Eq. (2.79) it can

be shown that

I = |E|2 =
Imax

1 + (2F/π)2 sin2(πν/νF )
, (2.86)

with

Imax =
|E0|2

(1− r)2
, (2.87)

F =
π
√
r

1− r
, (2.88)

where F is called the finesse of the cavity. Therefore, in a real system the modes

have a Lorentzian shape with a finite width in frequency space.

To gain information about the cavity, the reflected beam from the incoupling

mirror will be used later on. This is done because the reflected beam does not only

contain information about the light inside the cavity through leakage, but also

provides information from the incoming beam due to the initial reflection (see Fig.

2.9). To calculate this, it is assumed that all the losses in the cavity are caused

by the finite reflectivity of the mirrors, i.e. h = r1r2e
iδ, with r1, r2 < 1 being the

reflectivity of the first and second mirror respectively. Also the transmission t1 of

the first mirror is introduced. The reflected beam consists of the initial reflection

Eref
0 = r1E

inc (2.89)

of the incoming beam Einc and the leakage

Eleak
i =

t1
r1

Ei =
t21
r1

hiEinc (i > 1), (2.90)

where the beam after i-round trips is partially transmitted through the incoupling

mirror. The total sum is given by

Eref = Eref
0 +

∞∑
i=1

Eleak
i (2.91)

= Einc

(
r1 −

t21
r1

reiδ

1− reiδ

)
, (2.92)

where r = r1r2 was introduced.
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Figure 2.10: Schematic of a bow tie cavity. Two planar (bottom) and two
spherical (top) mirrors are used in the shown arrangement. This generates a
focus in the centre of each short arm. The reflection of the incoming beam can
be accessed easily. The disadvantage of this setup is occurring astigmatism.

The discussion was limited to the Fabry-Pérot resonator. Other setup are also

possible. For these the same concepts apply, i.e. only certain modes with a

Lorentzian shape are supported, but they might have some other advantages and

disadvantages. At CryPTEx, bow-tie resonators (see. Fig. 2.10) are used, which

allow for easy access to the reflected beam, since the incoupling mirror is not

perpendicular to the incoming light. Additionally, it provides two foci, one at

centre of each short arm. The disadvantage of a bow tie cavity is the emerging

astigmatism.

2.6.2 Frequency stabilization

As previously mentioned, optical resonators are used at CryPTEx to increase

the efficiency of second harmonic generation. The length of these cavities has to

be adjusted to support the needed mode (see Eq. (2.80)), since the frequency

of the incoming light is fixed. Constant corrections are required due to air

fluctuations, vibrations, and frequency changes of the laser. This is commonly

achieved by mounting one of the resonator mirrors onto a piezo element, which is

controlled by a PID (proportional–integral–derivative) controller. In this section

two techniques will be described to generate a suitable error signal to lock the

cavity to a single mode.

2.6.2.1 Hänsch-Couillaud method

The Hänsch-Couillaud method was first proposed by T.W. Hänsch and B. Couil-

laud in [41]. It uses the reflection from the incoupling mirror to lock the resonator.
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Figure 2.11: Setup of the Hänsch-Couillaud method. An incoming, linear po-
larized beam is sent into a cavity with a polarizer inside. The reflected beam
contains information about the phase inside the cavity, encoded in its polariza-
tion. Analysing it generates a error signal which can be used to adjust the cavity
length. Explanations are given in the text.

For this the polarization is analysed. The method will be discussed shortly, fol-

lowing [41].

A monochromatic linearly polarized laser beam is send into a resonator (see Fig.

2.11), so that the reflection of the incoupling mirror can be detected. Inside the

cavity a linear polarizer is placed with an angle θ relative to the polarization axis

of the incoming axis. In the plane wave approximation, the incoming wave can

be decomposed into a parallel and perpendicular part:

Einc
‖ = Einc cos θ, (2.93)

Einc
⊥ = Einc sin θ. (2.94)

For the parallel component, the reflected wave is then (see Eq. (2.92))

Eref
‖ = Einc

‖

(
r1 −

t21
r1

reiδ

1− reiδ

)
= Einc

‖

(
r1 −

t21r

r1

cos(δ)− r + i sin(δ)

(1− r)2 + 4r sin2( δ
2
)

)
, (2.95)

where δ represents again the phase mismatch after one round trip with respect
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to the initial wave. The reflected perpendicular component is simply

Eref
⊥ = Einc

⊥ r1. (2.96)

From this it can be seen, that only in the resonant case (δ = 2πn) both parts Eref
⊥

and Eref
‖ are real and they remain in phase, i.e. the reflected beam will be linearly

polarized. Off resonance, Eref
‖ acquires an imaginary component which leads to an

elliptical polarization of the total reflected beam, where the handedness depends

on the sign of the detuning.

To analyse the polarization of the reflected beam, it is sent through a λ/4 wave-

plate and a polarizing beam splitter as shown in Fig. 2.11. The fast axis of

the λ/4 waveplate is rotated by 45◦ relative to one of the two outputs of the

beam splitter. The intensities Ia and Ib of the two outputs are measured using

photodiodes and Ia − Ib is retrieved from a differential amplifier.

To understand this setup, it is the easiest to think of the elliptically polarized light

as consisting of two counterrotating circularly polarized components of different

amplitude. Then the λ/4 waveplate will transform them into two orthogonal

linearly polarized components. The beam splitter separates them. For incoming

linearly polarized light the two components are equal in magnitude and therefore

Ia−Ib = 0, while for elliptically polarized light Ia−Ib 6= 0, where the sign depends

on the handedness. The exact signal as a function of the phase mismatch δ can

be calculated to be

Ia − Ib = I inc2 cos(θ) sin(θ)
t21r sin(δ)

(1− r)24r sin2(δ/2)
, (2.97)

where I inc = 1
2
cε|Einc|2 is the incoming intensity. Eq. (2.97) is plotted in

Fig. 2.12 alongside the Lorentzian shaped intensity inside the cavity (see Eq.

(2.86)), which shows that Ia− Ib has a steep zero-crossing at maximum intensity.

Therefore, it can be used as an error signal to frequency-lock a cavity. At

CryPTEx, this technique is used to lock a cavity for second harmonic generation,

which is part of the cooling laser setup for Doppler cooling of 9Be+ ions (see Sec.

4.3).

2.6.2.2 Pound-Drever-Hall method

The Pound-Drever-Hall (PDH) method was first introduced in [42] by R.V.

Pound, R. Drever, and J.L. Hall. It requires sidebands in frequency space of
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Figure 2.12: Error signal (light blue) generated by the Hänsch-Couillaud
method and intensity inside the cavity (dashed black) as a function of the relative
phase shift per round trip.

the incoming beam, which can be produced through phase modulation. The

reflected beam contains information about the phase mismatch encoded in the

interference of the carrier frequency and the sidebands. To extract this, the

measured signal is mixed with an oscillator signal and a low pass filter is used.

The following discussion is based on [43]. The general setup is shown in Fig.

2.13.

The incoming monochromatic laser beam is phase modulated with a frequency

Ωs, e.g. using a Pockels cell. The resulting beam can be described by

Einc = E0e
i(ωt+β sin(Ωst)). (2.98)

Assuming that the modulation depth β � 1, Eq. (2.98) can be expanded using

Bessel functions up to first order

Einc ≈ E0

(
J0(β)eiωt + J1(β)ei(ω+Ωs)t − J1(β)ei(ω−Ωs)t

)
, (2.99)

i.e. the phase modulation is equivalent to a frequency modulation, generating two

sidebands at ±Ωs. For the further discussion the mirrors of the cavity are assumed

to have the same reflectivity r and the reflection coefficient of a monochromatic

beam based on Eq. (2.92) is defined:

F (ω) =
Eref

Einc
=
r(1− eiω/νF)

1− r2eiω/νF
, (2.100)

with the detuning per round trip written in terms of the free spectral range νF
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Figure 2.13: Setup of the PDH method. The incoming beam is phase mod-
ulated to generate sidebands in frequency space. The reflected beam can then
be analysed to gain an error signal to lock the cavity to the laser frequency.
Explanations are given in the text.

(see Eq. (2.81)). The total reflected beam of the modulated laser is

Eref = E0

(
F (ω)J0(β)eiωt + F (ω + Ωs)J1(β)ei(ω+Ωs)t (2.101)

−F (ω − Ωs)J1(β)ei(ω−Ωs)t
)
.

Only the power P ref ∝ |Eref |2 can be measured and it is calculated to be

P ref =Pc|F (ω)|2 + Ps(|F (ω + Ωs)|2 + |F (ω − Ωs)|2) (2.102)

+ 2
√
PcPs

{
Re [F (ω)F ∗(ω + Ωs)− F (ω)F ∗(ω − Ωs)] cos Ωst

Im [F (ω)F ∗(ω + Ωs)− F (ω)F ∗(ω − Ωs)] sin Ωst
}

+ (2Ωs terms),

where Pc ∝ J2
0 (β)|E0|2 and Ps ∝ J2

1 (β)|E0|2 are the power of the carrier and side-

bands respectively. This shows that a base signal with frequency ω is generated

which is modulated with Ωs due to interference of the carrier and the sidebands.

The 2Ωs terms are from interference of the sidebands and are not relevant. The

interesting parts are the cos(Ωst) and sin(Ωst) terms, since they give access to

the carrier phase. As it turns out, F (ω)F ∗(ω + Ωs) − F (ω)F ∗(ω − Ωs) is either

mostly real if Ωs � νF/F or mostly imaginary if Ωs � νF/F , where F denotes

the finesse of the cavity defined in Eq. (2.88). In either of those cases the signal

can be extracted with a mixer and a low pass filter.

For example, if the cosine term needs to be extracted, the signal is mixed with
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(a) Slow modulation Ωs = 0.5νFF (b) Fast modulation Ωs = 20νFF

Figure 2.14: Error signal of the PDH method for the cases of slow and fast
modulation. In either case a steep zero-crossing is observed on resonance and the
signal can be used to lock a cavity.

cos(Ωst) and since

cos2(Ωst) =
1

2
(1 + cos(Ωst)), (2.103)

cos(Ωst) sin(Ωst) =
1

2
sin(2Ωst)

a DC component from the cosine term is produced, but not from the sine term.

This is obtained using a low pass filter. The same applies to the sine term when

mixed with sin(Ωst).

In the case of a slow modulation Ωs � νF/F the relevant term can be written as

F (ω)F ∗(ω + Ωs)− F (ω)F ∗(ω − Ωs) ≈ 2 Re

[
F (ω)

d

dω
F ∗(ω)

]
Ωs (2.104)

≈ d|F |2

dω
Ωs.

This means that the imaginary part in Eq. (2.102) can be neglected. Mixing the

signal from Eq. (2.104) with cos(Ωst), the output of the low pass filter is given

by

ε ≈
√
PcPs

d|F |2

dω
Ωs, (2.105)

which is shown in Fig. 2.14a.

For a fast modulation Ωs � νF/F and close to the resonance of the carrier

frequency, total reflection of the sidebands can be assumed: F (ω±Ωs) ≈ 1. Then

F (ω)F ∗(ω + Ωs)− F (ω)∗F (ω − Ωs) ≈ −2iIm [F (ω)] . (2.106)
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Therefore, the real part in Eq. (2.102) can be neglected. Mixing with sin(Ωst)

and using a low pass filter gives the error signal

ε = −
√
PcPsIm [F (ω)F ∗(ω + Ωs)− F (ω)F ∗(ω − Ωs)] , (2.107)

which is shown in Fig. 2.14b.

In both cases a steep zero-crossing on resonance is observed. Therefore, these

signals can be used for a PID controller to lock a cavity. The PDH method is

used at CryPTEx to lock two cavities for second harmonic generation to produce

a photoionization laser for 9Be atoms (see Sec. 4.2). It is useful in this case, since

for slow modulation, the sidebands can lie within the linewidth of the cavity and

are therefore preserved. They can then be used to lock a second cavity. This

makes it possible to lock two cavities, while only modulating the initial beam

once.
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Chapter 3

The cryogenic Paul trap

In this chapter the cryogenic Paul trap used for the measurements of this thesis

is described. It was specifically designed in [44] for storage of HCI. The lifetime

of HCI inside a Paul trap is mostly limited by collisions with residual gas inside

the vacuum chamber. In particular, charge exchange is a dominant loss mech-

anism, besides electrodynamic losses due to the high charge states To still be

able to achieve long time storage of HCI a pressure � 10−10 mbar is needed. At

the cryogenic Paul trap experiment (CryPTEx) [17], this is achieved by cooling

down the trap to cryogenic temperatures (4 K) where all gases besides H2 and He

condensate. Additionally, optical ports are required to give access for lasers and

ion sources to enter and for imaging of the trap centre. In the follwing section the

cryogenic Paul trap, its electronics and the optical setup at the trap are described.

3.1 The cryogenic system

Only a brief description of the cryogenic Paul trap is given here based on [44],

which should be referred to for a more detailed description. A model of the

cryogenic system and the trap electrodes is shown in Fig. 3.1.

The cooling power to get to cryogenic temperatures is provided by a pulse tube

cryocooler with two temperature stages. It has a cooling power of 31 W at 40 K

and 1 W at 4 K. The Paul trap can not directly be cooled down to 4 K, since

blackbody radiation from 300 K provides to much heating to achieve it. Therefore,

two nested temperature stages are used. The vacuum chamber on the outside is

at 300 K and encloses the first heat shield at 40 K. Inside the 40 K shield the

4 K stage is nested on which the Paul trap is installed and thermalised to 4 K.

The 40 K stage prevents blackbody radiation from 300 K from reaching the 4 K

stage with the exception of optical ports. At cryogenic temperatures most gases

condense on the heat shield surfaces and the remaining H2 partial pressure was
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Figure 3.1: CAD (computer-aided design) rendering of the Paul trap and the
cryogenic system of CryPTEX. The vacuum chamber at 300 K encloses the 40 K
and the 4 K heat shield. Inside the 4 K environment the trap is mounted and
thermalised to 4 K. Cooling is provided by a pulse tube cryocooler. The optical
port below the trap is used for imaging of the trapped ions onto a CCD camera
and a photomultiplier tube (PMT). The optical setup is described in Sec. 3.3.
Adapted from [17].

estimated to be ≈ 6× 10−14 mbar at the trap centre [20].

The Paul trap is schematically shown in Fig. 3.2. It consists of four rod electrodes

with six individual segments each, giving overall 24 electrodes. For trapping of
9Be+ only the first three electrodes from the left on each rod in Fig. 3.2 are

required. The other 12 electrodes can be used to produce a second trapping

region as a reservoir or as a quadrupole guide for HCI [20], but were not used for

the measurements presented in this thesis.

The larger end-cap electrodes shown in Fig. 3.2 have a length of 2zEC = 20 mm

and are used for axial confinement in the trap centre, which is in the centre of

the middle electrodes with a length of 2z0 = 5.4 mm. z0 was chosen in such a way

to produce a highly harmonic potential in axial direction. The geometric factor

in Eq. (2.4) was numerically determined to be κ = 0.259. The trap diagonal has

a length of 2r0 = 7 mm and the diameter of the rods is 2re = 8 mm.

The electrodes are made of OFHC copper (oxygen-free high thermal conductiv-

ity), which are additionally gold-plated to avoid oxidation. All 24 electrodes are

individually connected to a gold-plated copper wire and can be supplied with DC

and RF voltages. The production of these voltages is described in the following
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Figure 3.2: Schematic side view (left) and front view (right) of the Paul trap
electrodes consisting of four rods with six segmented electrodes each. For trapping
of 9Be+ ions only the first three electrodes from the left are used on each rod. The
end-cap electrodes have a length of 2zEC = 20 mm. The shorter middle electrodes
have a length of 2z0 = 5.4 mm. The trap diagonal has a length of 2r0 = 7 mm
and each electrodes has a diameter of 2re = 8 mm. Adapted from [29].

section.

3.2 Electronics

The electronics of the Paul trap consist of two parts: the DC voltages for ax-

ial trapping and the RF voltages for radial trapping, which are produced inde-

pendently and are then coupled. A scheme is shown in Fig. 3.3. A detailed

description can be found in [29]. Here only a short summary is given.

For the DC voltages a single power supply is used for all 24 electrodes, such that

the intrinsic noise and ripple of the power supply affects all electrodes equally and

does not lead to relative potential differences. The provided voltage is typically

150 V and can be adjusted for different electrodes by the use of voltage dividers.

The middle electrodes can all be adjusted individually, while for the end-cap

electrodes only the relative voltage of the four rods on each side of the trap region

can be adjusted. By tuning the voltages of the middle and end-cap electrodes the

positions of the ions is moved so that it coincides with the the potential minimum

Figure 3.3: Scheme of the electronics for the Paul trap. The DC voltages and
the RF voltages are produced separately and are then coupled. The coupled
signal is sent to the Paul trap. A more detailed description can be found in the
text.
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Figure 3.4: Optical setup for the experiments presented in this thesis seen as a
top view. The 9Be beam crosses the PI laser under an angle of 90◦ to reduce the
first order Doppler shift and to produce 9Be+ ions through resonance-enhanced
two-photon ionization. Cooling laser and repumper pass through the trap centre
along the trap axis. It is possible to sent in a spectroscopy laser collinear with
the cooling laser and repumper through the trapping region.

of the RF voltage. The voltage difference between end-cap electrodes and middle

electrodes is typically ≈ 1 V.

The RF voltage is generated by an arbitrary function generator (AFG), with a

peak-peak voltage of 460 mV and a frequency of 4.23 MHz. A RF amplifier is

used to increase the peak voltage, since much higher amplitudes are required for

trapping. Inside the coupling box a transformer is used to generate two opposite

RF phases from this input for the different electrodes (see Fig. 2.1) and to further

increase the peak-peak amplitude to 45 V at the trap the trap electrodes.

Each individual DC voltage is coupled with the corresponding RF voltage using a

low pass filter with a cutoff frequency of ≈ 2 Hz. The RF voltage can be adjusted

for each individual electrode through a capacitive voltage divider. This is used

for reduction of excess micromotion and was implanted in [29].

3.3 Optical arrangement

Optical access to the trap centre is granted by 13 optical ports, which are shown

in the sectional view of the Paul trap from the top in Fig. 3.4. Beryllium is

injected into the trap using a neutral 9Be beam generated by an oven and sent
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Figure 3.5: Schematic drawing of the imaging system. Ions stored in the Paul
trap are imaged onto a CCD camera using a lens. In between lens and CCD
camera a beam splitter is used to send 50 % of the photons to a photomultiplier
tube (PMT). Adapted from [29].

collimated through the trap centre. The laser system for experimentation with
9Be+ ions consists of a photoionization (PI) laser, a cooling laser, and a repumper.

Here only the positions of the lasers, the atomic beam relative to the trap, as well

as the imaging system are described. The oven and laser systems themselves are

discussed in more detail in Sec. 4.

The PI laser is sent through the trap centre with an angle of 45◦ with respect to

the trap axis and the 9Be beam has an angle of −45◦ with respect to the trap

axis so that the angle between PI laser and 9Be beam is 90◦ to reduce the first

order Doppler shift. The cooling laser and repumper pass through the trapping

region in axial direction. For spectroscopy of HCI, a spectroscopy laser can be

guided into the trap along the axial direction, opposite to the cooling laser and

repumper.

The following description of the imaging system is based on [20], which should

be referred to for more details. The imaging system is placed below the trap (see

Fig. 3.1) and the schematic setup is shown in Fig. 3.5. It consists of an aspheric

lens mounted onto the 4 K stage at a distance of 25 mm to the trap centre, which

images the ions on to a charge-coupled device (CCD) camera (iStar 340T from

Andor) with 2048 pixel× 512 pixel and a pixel size of 13.5 µm× 13.5 µm. The

magnification was measured in this thesis to be M = −15.82 ± 0.03, giving a

conversion factor of 1 pixel =̂ (0.853 ± 0.002) µm (see Sec. 5.2). Additionally, a

50 : 50 beam splitter is placed in between lens and CCD camera to sent 50 % of

the light to a photomultiplier tube (PMT), which has a much higher temporal
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resolution than the CCD camera, though it does not provide spatial resolution.
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Generation and cooling of 9Be+

At CryPTEx, 9Be+ ions are produced from neutral beryllium atoms through

resonance-enhanced two-photon ionization in the trapping region. The produced

ions are then stored in the cryogenic Paul trap and laser cooled. In this chapter

the oven for the production of a 9Be beam as well as the laser systems for its

ionization and cooling of the 9Be+ ions are described. Maintenance of the laser

systems was performed as part of this thesis and they are intended to be used for

CryPTEx II.

4.1 Beryllium oven

The 9Be atomic beam is provided by an oven placed in a ultra high vacuum

environment, which is attached to the vacuum chamber of the Paul trap and

separated by a valve. It is only opened when new 9Be+ ions are loaded into the

trap. The oven consists of a crucible with 10 µg Be foil inside, which is electrically

heated using a heating coil. The beryllium evaporates at ≈ 1250 K and the atoms

leave in the direction of the trap region, passing through multiple skimmers, which

are used for differential pumping. The skimmers additionally collimate the beam,

which reduces the amount of beryllium deposited on the electrodes, which over

time would lead to electrical patch potentials and thus to excess micromotion.

Additionally, the velocity distribution in transverse direction becomes narrow,

reducing the Doppler shift to a few MHz, when crossed with the photoionization

laser at 90◦. For a more detail discussion of the oven see [20].

4.2 Photoionization laser

9Be is ionized by means of resonance-enhanced two-photon ionization. A photon

with wavelength 235 nm excites the 2s1S0 → 2p1P1 transition with a natural
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Figure 4.1: Left: Level scheme for photoionization of neutral 9Be atoms. A
235 nm photon excites the 2s1S0 ground state resonantly to the first excited state
2p1P1. From there a second photon with a wavelength < 307 nm can transfer the
electron into the continuum. Therefore, a single laser at 235 nm can photoionize
9Be efficiently through the described two-photon process. Right: Level scheme
for laser cooling of 9Be+. The 2S1/2, F = 2↔ 2P3/2 transition at about 313 nm is
used for Doppler cooling. Due to the 1.25 GHz hyperfine splitting of the ground
state, the excited state can decay into the 2S1/2, F = 1 state, removing the
ion from the cooling cycle. Therefore, a repumper is required, which drives the
2S1/2, F = 1 ↔ 2P3/2 transition. The hyperfine splitting of the 2P3/2 is not
resolved.

linewidth Γ/2π = 88 MHz. From there a second photon with the same wavelength

can transfer the electron to the continuum (see Fig. 4.1). The photoionization

(PI) laser design is based on [45] and consists of a commercial diode laser at

940 nm which is twice frequency doubled. The setup is shown in Fig. 4.3 and is

described shortly in the following.

The diode laser (TA Pro from Toptica) has a maximum output power of 1.5 W

at 940 nm. The light coming from the laser is sent through an optical isolator to

prevent damage from back-reflections into the laser. It then passes through a λ/2-

waveplate and a telescope to adjust the polarization and for mode-matching to

the first bow-tie cavity. Inside the cavity, a periodically poled potassium titanyl

phosphate (PPKTP) crystal is used for second harmonic generation, producing

470 nm light. This is coupled out of the cavity through the mirror directly after

the crystal, which is highly reflective for 940 nm and has a high transmittance for

470 nm. For optimal quasi-phase matching the crystal is kept at approximately

22 ◦C. A PPKTP crystal is chosen for its high non-linearity and transparency at

both wavelengths.
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Figure 4.2: CCD image of the fluorescence produced by excitation of the
2s1S0 → 2p1P1 transition of neutral 9Be atoms. The image was taken with a
heating power of the Be oven approximately 70 % larger than typically used for
loading the trap to increase visibility.

The 470 nm light is sent to a second bow-tie cavity, before which a telescope

is placed for mode-matching. Inside the cavity, second harmonic generation of

235 nm light is achieved by using a beta barium borat (BBO) crystal with Brew-

ster cuts at the ends to reduce reflections and with a phase-matching angle of

58.15◦. The outcoupled light at 235 nm is sent through a cylindrical lens to com-

pensate for astigmatism and goes on to the experiment.

Both cavities are locked using the Pound-Drever-Hall method, described in Sec.

2.6.2.2. For this the initial beam is modulated with sidebands inside the com-

mercial system. They lie within the linewidth of the first cavity and are therefore

carried over to the second cavity, making it possible to lock the second cavity

using the same sidebands and without modulating the laser a second time. Typ-

ically an output power of 1 W from the diode laser generates about 200 mW at

470 nm. The second stage then produces 10 mW of output power at 235 nm. The

total efficiency is about 1 %. During the measurements typically about 5 mW of

235 nm light before the Paul trap are used.

Deexcitation from 2p1P1 → 2s1S0 happens alongside ionization, since the 2s1S0 →
2p1P1 transition is resonantly excited. This can be used to optimize the alignment

and achieve maximal overlap of the 9Be beam and the PI laser by measuring the

fluorescence. A CCD camera image of this fluorescence is shown in Fig. 4.2.

4.3 Laser cooling of 9Be+

The generated 9Be+ ions are cooled to the mK regime using Doppler cooling

through the 2S1/2 ↔ 2P3/2 transition at a wavelength of about 313 nm with a

natural linewidth of Γ/2π = 19.4 MHz. The level scheme of 9Be+ is shown in

Fig. 4.1, which shows that the 2S1/2 ground state has a hyperfine splitting of

1.25 GHz. Therefore, the excited 2P3/2 state will either decay into the F = 1 or
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the F = 2 hyperfine state. The F = 1↔ F = 2 transition is dipole forbidden, i.e.

long-lived and any ion in the F = 1 state is effectively removed from the cooling

cycle. Therefore, two lasers are required: a cooling laser for the 2S1/2, F = 2 ↔
2P3/2 transition at 313 nm and a 1.25 GHz frequency shifted repumper for the
2S1/2, F = 1↔ 2P3/2 transition.

The design of the laser system is based on [46]. The starting point are two

fibre laser at 1550 nm and 1050 nm respectively. Sum frequency generation of

these produces 626 nm light. This is then cavity-enhanced frequency doubled

generating the required 313 nm. The setup is shown in Fig. 4.4.

The fibre lasers are commercial systems consisting of two seed lasers (Koheras

Adjustik from NKT Photonics) and two amplifiers (textitKoheras Boostik from

NKT Photonics), producing up to 5 W of output power at 1050 nm and 1550 nm

each. The light coming from each fibre laser is sent through an isolator to prevent

damage from back scattering of any light into the lasers. λ/2-waveplates and tele-

scopes are used to adjust the polarization and the beam parameters of each beam

individually. The beams are overlapped using a dichroic mirror and focused into

a periodically poled lithium niobate (PPLN) crystal for sum frequency genera-

tion. To achieve optimal phase-matching the crystal is heated to about 193 ◦C.

The generated 626 nm and the non-conversed light are separated using a dichroic

mirror. The non-converted light is sent into a beam dump, the 626 nm photons

are guided to the next stage.

The frequency doubling stage uses a beta barium borate (BBO) crystal inside

a bow-tie cavity for second harmonic generation. The BBO has a Brewster cut

for 626 nm at the ends and a phase-matching angle of 38.4◦. In front of the

cavity a λ/2-waveplate is placed to control the polarization and a telescope is

used for mode-matching to the cavity. The frequency doubled light leaves the

cavity through the outcoupling mirror, which has a high transmittance for the

generated 313 nm light, while being highly reflective for 626 nm photons. Behind

the cavity, a cylindrical lens is used to compensate for the occurring astigmatism.

The cavity is locked using the Hänsch-Couillaud method described in Sec. 2.6.2.1.

For power stabilization a motorized λ/2 waveplate controlling the polarization

of the 626 nm light is inserted between the first and the second stage. A with a

photodiode detected 313 nm reflex of the cavity is used as a reference for a PID

controller, which controls the motorized waveplate. The adjusted light is sent

through a Glan-Taylor polarizer which transmits only a certain polarization. The

transmitted power is therefore dependent on the orientation of the λ/2 waveplate

and can be controlled this way. For a detailed description and analysis see [47].

Typically about 100 mW of 313 nm light can be produced from 800 mW at 626 nm
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CHAPTER 4. GENERATION AND COOLING OF 9BE+

Figure 4.5: Setup of the repumper, which frequency shifts parts of the cooling
laser at 313 nm by −1.05 GHz. This is necessary to account for the hyperfine
splitting of the 2S1/2 ground state. The frequency shift is achieved by sending the
laser through an AOM with a frequency of 200 MHz at -1st order and subsequently
on to a second AOM with 425 MHz were it is sent through twice at (-1st,-1st) order
using a right-angle prism. Abbreviations: Mx - mirror, AOM - acousto-optical
modulator, HM - half mirror.

before the cavity. About 60 % of the 313 nm light are sent to the experiment for

laser cooling and the remaining 40 % are sent to the repumper. The ratio is

regulated by a combination of a λ/2-waveplate and a polarization dependent

beam splitter.

The current setup for the repumper is shown in Fig. 4.5. Overall a frequency

shift of 1.25 GHz between cooling laser and repumper needs to be achieved. The

cooling laser has a second power stabilization directly at the Paul trap using a

200 MHz acousto-optic modulator (AOM) in +1st order (see [47]), therefore the

repumper only needs to be shifted by −1.05 GHz. This is done using two AOMs,

one with 200 MHz and one with 425 MHz. The laser passes through the first AOM

once in -1st order gaining −200 MHz and is then sent twice through the second

AOM in (-1st,-1st) order. This is done using a right-angle prism to sent the beam

back after the first pass (see Fig. 4.5) and gives an additional −850 MHz shift,

adding up to −1.05 GHz. The efficiency of the repumper is approximately 20 %.

In a previous setup the power stabilization was not implanted and the beam was

sent twice thorough the first AOM using a right-angle prism.

To measure and adjust the wavelength of the laser a wavelength meter (Wave-
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length Meter Ångstrom WS Ultimate 10 from High Finesse) is used. The wave-

length of 626 nm light before the cavity is used for stabilization, since there are no

efficient fibres for transportation of UV light commercially available. The wave-

length can then be regulated to a set value, by changing the wavelength of one

of the commercial lasers through a piezo.

4.4 Temperature estimation

To give an upper bound for the temperature of a single 9Be+ ion in axial direction

Taxial the fluorescence as a function of the cooling laser frequency was measured.

This allows to estimate the temperature, since the line profile of the 2S1/2 ↔ 2P3/2

transition is affected by Doppler broadening caused by thermal motion. This

measurement was performed previously at CryPTEx in [20] and was repeated

here to estimate Taxial.

The line profile of the cooling transition as a function of the laser detuning

describing the fluorescence consists of multiple contributions. Fundamentally,

the line shape is described by a Lorentzian function with the natural linewidth

Γ/2π = 19.4 MHz. This width is broadened mainly by two effects. Firstly, it is

increased by saturation broadening to

Γsat = Γ
√

1 + s0, (4.1)

with the saturation parameter defined in Eq. (2.24). This only widens the spec-

tral line, but does not alter the underlying line shape and is described by Eq.

(2.23). The second effect is Doppler broadening due to the Maxwell-Boltzmann

distributed thermal motion at temperature T . This gives a Gaussian lineshape,

with a full width at half maximum (FWHM) of [48]

ΓD =
2π

λ0

√
8 ln(2)

kBT

m
, (4.2)

where λ0 is the wavelength of the cooling transition on resonance. The combined

effect of saturation and Doppler broadening is described by the convolution of the

individual line profile, which is called a Voigt profile. If Γsat � ΓD or Γsat � ΓD,

the profile is mostly described by a Lorentzian or a Gaussian function respectively.

For the measurement, a single 9Be+ ion is trapped and the detuning of the laser

is changed in steps of 5 × 10−6 nm, coming from far red detuning. At each step

the fluorescence in a small region of interest around the ion is measured using

the CCD camera with an exposure time of 1 s. The resulting data can be seen in
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Figure 4.6: Measurement of the fluorescence of a single 9Be+ ion as a function
of the cooling laser detuning. Starting in the far red detuned, the fluorescence
increases as the the frequency gets closer to resonance. On resonance the ion is
lost, since for blue detuning heating instead of cooling occurs. The fitted function
is a Lorentzian with Γ/2π = (132 ± 2) MHz and χ2

red ≈ 0.5. The graphs on the
right show the CCD camera images of the ion at the indicated detunings.

Fig. 4.6. The error is given by
√
N , where N is the measured fluorescence per

pixel in the region of interest. Only for a red detuning of the cooling the ion is

trapped, since for blue detuning the ion is heated instead of cooled, which results

in the loss of the ion. Performing a Voigt fit shows that the Gaussian width is

compatible with ΓD/2π = 0 MHz within � 1σ at χ2
red ≈ 0.5. Therefore a fit with

a Lorentzian function is performed, which is shown in Fig. 4.6, giving a linewidth

of Γ/2π = (132± 2) MHz at χ2
red ≈ 0.5, indicating a high fidelity of the fit.

To estimate an upper bound for the temperature, different Voigt functions with

a fixed Gaussian width are fitted corresponding to a fixed temperature. The

temperature is increased until χ2
red started to increase significantly. This point is

then taken as an upper bound for the temperature and yielded Tupper ≈ 40 mK.

The lower limit is identical to the Doppler limit given in Eq. (2.29) with TD =

(3.17 ± 0.05) mK for the measured linewidth Γ. Overall the temperature is esti-

mated to be

3 mK / Taxial / 40 mK. (4.3)
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This result needs to be treated carefully, since it only gives a rough estimation. By

scanning the laser frequency, the temperature of Doppler cooling is also changing

according to Eq. (2.28). For δ ≤ Γ/2, it increases only slowly with detuning (see

Fig. 2.4) and for the farthest detuned data point, the temperature is limited to

≈ 12 mK. For δ ≥ Γ/2 the increase of the temperature with detuning is much

steeper and the last data point should have a minimal temperature of ≈ 20 mK.

Both points represent extreme detunings and all other data points are taken at

lower temperatures. Therefore all data points are expected to be taken at an ion

temperature within the estimated temperature range.
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Chapter 5

Measuring coherent ion motion

In the following chapter the axial excess micromotion of a single 9Be+ ion and

the driven centre of mass (COM) motion for different numbers of 9Be+ ions are

measured using a photon-correlation technique [28], which relies on the motion

being driven and in phase with its driving force. This motion modulates the

fluorescence signal as a function of time, which can be measured.

For the measurements it is assumed that the driven ion motion along the propa-

gation direction of the cooling laser can be described as

x(t) = A cos(ωt), (5.1)

where A is the amplitude and ω is the frequency of the motion. It is essential

that the frequency of the motion is always equal to the frequency of the driving

force. The motion modulates the fluorescence Λ due to the Doppler effect (see

Eq. (2.23)):

Λ = Γρee =
Λ0

1 + (2δ/Γeff(1− kvmax/δ sin(ωt+ ϕ)))2
, (5.2)

where the effective linewidth Γeff = Γ
√

1 + s0 due to power broadening is intro-

duced and

Λ0 =
Γs0

2(1 + s0)
. (5.3)

In order to characterize the ion’s motion x(t) in the trap, the fluorescence as a

function of time is measured. As the oscillation frequency ω of the driven motion

equals the frequency of the driving field, it is sufficient to record the number of

scattered photons as a function of the excitation signal’s phase.

To measure the modulation of the fluorescence a data acquisition system is re-

quired with a temporal resolution much larger than the period of the ion’s mo-

tion � 2π/ω, which is ≈ 250 ns for the micromotion at the radio frequency
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CHAPTER 5. MEASURING COHERENT ION MOTION

Figure 5.1: Measurement principle of the used photon-correlation method. The
ion moves harmonically and in phase with a driving force. The fluorescence be-
comes modulated with the driving frequency ω due to the first order Doppler shift
generated by this motion. The time between a single photon and a periodical stop
signal in phase with the driving force is measured. This probes the fluorescence
as a function of the phase of the driving force for sufficiently many photons.

ω/2π = Ω/2π = 4.23 MHz and ≈ 10 µs for the COM mode at a trap frequency

of ω/2π = ωz/2π ≈ 100 kHz. Therefore, to detect a scattered photon a PMT is

used, which produces pulses with a width of 10 ns and has a pulse pair resolution

of 20 ns. These pulses are sent to an analog-to-digital converter converter (ADC,

model 7072T Dual Timing ADC from FAST ComTec). The ADC operates in

time to digital conversion mode (TDC) where it produces a voltage which is pro-

portional to the time difference between a start and a stop pulse. The measured

time intervals are sorted by their length and are counted into one of 8192 chan-

nels, where a higher channel number corresponds to a longer time. As a start

pulse the pulses coming from the PMT are used. The stop signal is the synchro-

nization output of the function generator, which drives the ion. Therefore, the

fluorescence is measured as a function of the the driving AC field. The principle

is illustrated in Fig. 5.1.

In the following chapters the used ADC will be characterized and a time cali-

bration is performed. Then the secular motion for multiple amounts of ions is

measured and is used to determine the trap frequency. The trap frequency and

two 9Be+ ions are used to infer the magnification of the imaging system. Finally,

a measurement of the axial excess micromotion of a single 9Be+ ion is shown.
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5.1 Characterization of the ADC

The maximal time difference the ADC can convert to a channel can be adjusted

and is called the conversion time. It needs to be > 2π/ω for the presented usage.

For the measurement of the micromotion a conversion time of tMM = 500 ns and

for the COM mode a conversion time of tCOM = 20 µs is used. For both settings

the resolution is measured, corrections for systematic errors are performed and a

time calibration is determined.

5.1.1 Temporal resolution

The temporal resolution of the ADC is measured using an AFG with two synchro-

nized outputs, which are both generating pulses with a frequency of 10 kHz. The

beating of the two signals is measured for tMM and tCOM and a Gaussian function

with a fixed offset of zero is fitted to the data. Only channels with non-zero

counts are taken for the fit with an error of
√
N (N : counts). The result for tCOM

is shown in Fig. 5.2. The full width at half maximum (FWHM) gives a measure

for the temporal resolution of the data acquisition system and is determined to

be

tCOM : FWHM = (2.545± 0.005) channel, (5.4)

tMM : FWHM = (2.546± 0.002) channel.

With the time calibration performed in Sec. 5.1.3 this can be converted to

tCOM : FWHM = (5.56± 0.01)× 10−3
µs, (5.5)

tMM : FWHM = (150.2± 0.1)× 10−3 ns.

This shows that the temporal resolution satisfies the requirement � 2π/ω.

5.1.2 Normalisation

It is also observed that not every channel of the ADC counts at equal rates. This

is also shown in the manual [49] and an inherent property of the system. It is

particularly prominent in the case of the micromotion measurement for channels

/ 500 as shown in Fig. 5.2. To account for this noise is measured for multiple

hours, which should give a constant signal in the ideal case of identical ADC

channels. Any deviation is expected to be a characteristic of the ADC. The noise

is generated by two AFGs with different frequencies, which were chosen in such

a way that no beating occurred. From the resulting data a correction factor for
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Figure 5.2: Left: Temporal resolution of the ADC for tCOM. The signal is
generated from the beating of two synchronized signals and a Gaussian function
is fitted. The FWHM is given in Eq. (5.4) and gives a measure of the temporal
resolution. Right: Noise measured with the ADC at tMM. It shows that not all
channels count at equal rates. In particular the channels / 500 show systematic
differences, which is inherent to the ADC [49].

each channel is determined by calculating its ratio with respect to a reference

channel. The reference is randomly chosen from the centre. Additionally, the

first 100 channels were removed from the data, since these showed the largest

systematics.

5.1.3 Time calibration

For the time calibration of the ADC it is used that the stop signal is periodic with

the driving frequency ω. Therefore, if the conversion time is larger than 2π/ω,

the maximum time that can be recorded is 2π/ω. A time calibration is then

done by varying ω. The highest channel, which data is written to is determined

and is assigned to the time 2π/ω. To reduce measurement time a second AFG is

used as a start signal with a frequency of ≈ 10 kHz for the tCOM calibration and

≈ 100 kHz for the tMM calibration. The starting frequency has to be chosen in a

way such that no beating between the start and stop signal occurs. 10 different

stop frequencies were used for tCOM and 14 different stop frequencies were used

for tMM . At each frequency noise is recorded for two to three minutes and the

counts for all frequencies were summed up. The acquired data for tCOM is shown

in Fig. 5.3.

The position of the steps are measured at half height with an estimated error of

3 channels, similar to the resolution. The error of the AFG frequency of the stop

signal is neglected, since it is much smaller than the relative error of the channels.

The positions of the steps are plotted as a function of 2π/ω and a linear fit is

performed. In Fig. 5.3 this is shown for tCOM. The inversion of the fit function
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Figure 5.3: Time calibration for tCOM. Left: The last channel that can be
written to for a given stop signal angular frequency ω corresponds to the time
2π/ω. By changing ω a time calibration can be found. Right: Channels as a
function of the corresponding time. The inversion of the linear fit gives the time
calibration.

gives the time calibration function

t = t0 + axc, (5.6)

where a is the slope, t0 is the y-intersection and xc represents the ADC channel.

The fitted parameters are

tCOM : t0 = (0.48663± 0.0009) µs a = (2.1852± 0.0001)× 10−3
µs, (5.7)

tMM : t0 = (2.74± 0.02) ns a = (59.001± 0.007)× 10−3 ns. (5.8)

5.2 Centre of mass mode

In this part the driven motion of the centre of mass mode is used to measure the

trap frequency. It is extracted once from the motional amplitude and once from

the relative phase between driving field and ion motion for different numbers

of 9Be+ ions. The trap frequency is used in the next section to calculate the

magnification of the imaging system from an ion chain, consisting of two 9Be+

ions.

To measure the COM mode a look at the equation of motion for an ion chain is

taken on the basis of the discussion in Sec. 2.3.1. For a pure COM mode and no

contribution from higher modes Eq. (2.46) can be written as

q̈i + ω2
zqi = 0, (5.9)

which is the equation of motion for a free harmonic oscillator. Although this was
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derived by approximating the potential, it is an exact solution, since for the COM

mode the distance between the ions does not change. The whole system can then

be regarded as a single rigid object moving in a harmonic potential. Therefore,

this description is also valid for a 3-dimensional crystal. For a single ion in a

Paul trap this motion corresponds to the secular motion (see Sec. 2.1) and is in

general incoherent. If an AC field with frequency ω is added to one of the Paul

trap electrodes it couples to the ions with a force F (t)/m := K0 sin(ωt). This

modifies the equation of motion Eq. (5.9) to

q̈i + 2γq̇i + ω2
zqi = K0 sin(ωt), (5.10)

where a damping term γ was added to account for laser cooling, assuming γ to

be constant over time and for all positions of the ion’s motion. This describes

a driven harmonic oscillator and results in a harmonic motion coherent with the

driving field (see Sec. 2.4):

qi = A(ω) cos(ωt+ ϕ(ω)). (5.11)

The amplitude A(ω) and phase ϕ(ω) are expected to be depending on ω/ωz and

γ/ωz (see Eq. (2.54) and Eq. (2.55)). The applied AC voltage from the AFG

used to drive the ion has typically a peak voltage of 200 mV - 500 mV, though

this is not the voltage at the electrode, since a low pass filter is in between (see

Sec. 3.2).

The simplest way to measure the COM mode is to take images with the CCD

camera, where an increase in motional amplitude for a single ion can be seen close

to the resonance frequency. An example is shown in Fig. 5.4. This method has

the disadvantage that it only provides information about the amplitude and not

the phase of the ion’s motion, since the CCD camera takes pictures on a much

slower time scales than ω/2π. Additionally, driven, coherent motion can not be

separate from thermal, incoherent motion. A complete description is difficult and

not analytically known.

A more quantitative measurement can be obtained using the above described

photon-correlation method, giving access to phase and amplitude of the ion’s

motion. This has the additional benefit of measuring only the coherent motion

and effectively removing the incoherent motion as it only produces a homogeneous

background. The scattering rate (5.2) becomes:

Λ = Γρee =
Λ0

1 + (2δ/Γeff(1− ωkA(ω)/δ sin(ωt+ ϕ)))2
. (5.12)
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Figure 5.4: CCD camera images of a single ion driven by an AC field with
different frequencies ω around the resonance frequency ωR/2π ≈ 70 kHz and an
amplitude of 500 mV at the AFG. The driving frequency increases by 10 kHz
from left to right. The central image is recorded for ω ≈ ωR and shows the
maximal amplitude of the driven motion. Increasing or decreasing the excitation
frequency reduces it. For ω � ωR the amplitude of the driven motion vanishes
and only thermal motion remains. For ω � ωR the motional amplitude decreases
to an asymptotic value larger than the thermal distribution. The detuning of the
cooling laser is δ/2π ≈ 170 MHz and the saturation parameter is s0 ≈ 20.

From this function kA(ω)/δ and ϕ(ω) can be extracted, which are fitted using the

analytic solutions of the driven harmonic oscillator given by Eq. (2.54) and (2.55).

From this the trap frequency ωz can be obtained, which should be independent

of the number of ions.

To get a first estimation of the trap frequency the CCD camera is used and ω

is scanned through the AFG providing the AC voltage. From this the resonance

frequency is estimated to be ωR/2π ≈ 81 kHz. A measurement using the PMT

consisted of scanning the excitation frequency from 75 kHz to 90 kHz in steps of

1 kHz. At each point the fluorescence is measured for 2 min, except for the case

of ≈ 100 ions where the measurement time is only 1 min. Afterwards, the RF

voltage is turned off and the background is measured without trapped ions at

each excitation frequency for 1 min, since the amount of ADC channels data is

written to depends on the excitation frequency. The laser settings are typically
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δ ≈ 100 MHz and s0 ≈ 12.

The measured fluorescence and background are first normalised as discussed in

Sec. 5.1. Then the average background per channel is calculated and subtracted

from the data. A least square fit of Eq. (5.12) to the measured fluorescence signal

is performed, where ω is held constant at the corresponding excitation frequency.

The individual data points are weighted equally due to the large scattering of

data points, which acts as an error. Examples for the result are plotted in Fig.

5.5.

This is performed for each excitation frequency and from the fits the fitting pa-

rameters kA′/δ and ϕ as functions of ω are extracted. So far it is neglected that

in between the AFG and the electrodes a low pass filter is installed with a cutoff

frequency ≈ 2 Hz (see Sec. 3.2). This means that the voltage applied to the elec-

trodes varies as a function of ω and the resulting force F ∝ 1/ω. This does not

effect ϕ(ω) (see Eq. (2.55)), though it changes A(w) ∝ F (see Eq. (2.54)). The

fitted parameter kA′(ω)/δ is scaled relative to the lowest excitation frequency

ωstart/2π = 75 kHz to account for this, i.e.

kA(ω)

δ
=

ω

ωstart

kA′(ω)

δ
. (5.13)

This is possible, since only the relative amplitude is relevant. Assuming that k

and δ do not depend on ω, kA(ω)/δ is plotted as a function of ω and Eq. (2.54)

is fitted. ϕ(ω) is also plotted and fitted by Eq. (2.55). From the results the trap

frequency ωz is obtained.

The measurement is performed for one ion, two ions, four ions and a crystal

consisting of ≈ 100 ions. The case of one and two ions can be described by

an ion chain as discussed by in Sec. 2.3.1. Four ions are chosen, since for the

used trap frequencies it is the lowest number of ions, which show a 3-dimensional

structure. The results of the measurements, including CCD images of the used

ions, are shown in Fig. 5.6. The extracted trap frequencies ωz/2π are given in

Tab. 2, where the errors are only given by the fitting errors, since these are

dominating compared to any systematic effects of the ADC discussed in Sec. 5.1.

For ≈ 100 ions no result could be obtained for the amplitude due to a low signal.

This is probably related to the reduced measurement time of 1 min compared to

2 min for the other cases. The trap frequencies determined from the amplitude

are significantly different to each other and significantly different to the results

obtained from the phase for one and four ions. The results from the phases show

no significant differences to each other.

In general the phase measurement is expected to be the more reliable, since the
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(a) ω/2π = 75 kHz (b) ω/2π = 78 kHz

(c) ω/2π = 81 kHz (d) ω/2π = 84 kHz

(e) ω/2π = 87 kHz

Figure 5.5: Measurement of the driven motion of two 9Be+ ions using the
photon-correlation method, showing the fluorescence as a function of the phase
of the exciting field. The resonance frequency is ωR/2π ≈ 81 kHz and the applied
amplitude is 200 mV at the AFG. The amplitude of the modulation increases
towards the resonance and the phase shifts by π when going from ω � ωR to
ω � ωR. The red line describes a fit using Eq. (5.12). The laser parameters are
δ/2π ≈ 90 MHz and s0 ≈ 10.

phase is less effected by systematic errors and noise. The phase is derived from

the position of the peak, while the amplitude is determined from the height. In

Fig. 5.5 the position of the fluorescence maximum is clearly visible, while the

height becomes washed out due to low statistics.

Another problem for the amplitude is that only the product kA(ω)/δ can be
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(a) 1 ion (b) 2 ions

(c) 4 ions (d) ≈100 ions

Figure 5.6: Excitation amplitude kA(ω)/δ and relative phase ϕ(ω) between the
driving AC field and ion motion as a function of the excitation frequency ω for
different numbers of stored ions. The amplitude and the phase are fitted by Eq.
(2.54) and Eq. (2.55) respectively. The change in amplitude for ≈ 100 ions is too
small and no fit is provided. Together with the measurement data a CCD image
of the trapped ions is shown for ω � ωR for all configurations a-d.
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Table 2: Trap frequencies determined from the driven COM mode.

ωz/2π (kHz) from
amplitude

ωz/2π (kHz) from phase

1 Ion 79.7± 0.3 81.4± 0.1

2 Ions 81.5± 0.3 81.16± 0.04

4 Ions 83.7± 0.5 81.2± 0.2

100 Ions - 81.0± 0.2

extracted. Both k and δ are functions of the wavelength, which were assumed

to be constant, but fluctuations on the order of 20 MHz are possible due to the

accuracy of the wavemeter. For k = ω/c these fluctuations are negligible, but for

δ/2π ≈ 100 MHz this is not the case.

Therefore, the phase measurement is more accurate and the average of the four

data points of the axial trap frequency from the phase is calculated to

ω̄z = 2π × (81.19± 0.08) kHz. (5.14)

The radial trap frequency ωr can not be measured by this method in the used

setup, since the cooling laser and the excited motion are perpendicular to each

other, i.e. no modulation due to Doppler shifts occur. It can be implemented by

adding a cooling laser in radial direction. The radial trap frequency can then only

be estimated using the excitation on the CCD camera, though this often leads

to the loss of the ion since no damping from the laser restricts the oscillation

amplitude.

Another method to determine ωr is to use a 3-dimensional crystal and Eq. (2.34),

which expresses the ratio of the trap frequencies as a function of the aspect ratio

of the crystal. A crystal consisting of ≈ 100 ions was used for the measurement

of the COM mode and is again plotted alongside the two projections through the

symmetry axes of the crystal in Fig. 5.7. Measuring the radial and axial extension

is done by hand at about half height of the outer lying peaks in the projections

with an estimated error of 15 pixel. For the axial length L = (515± 15) pixel and

for the radial width R = (165 ± 15) pixel are determined. From this the radial

trap frequency is calculated using Eq. (2.34) to be

ωr = 2π × (169± 2) kHz. (5.15)
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Figure 5.7: CCD image of a Coulomb crystal consisting of ≈ 100 9Be+ ions.
The projections are done along a line through the crystal centre. The vertical
lines in the projections indicate from where to where the size of the crystal is
measured. The aspect ratio is used to calculate the radial trap frequency given
in Eq. (5.15).

5.3 Magnification of the imaging system

The measured axial trap frequency ωz can be used to calibrate the imaging system.

For this CCD images of a crystal consisting of two 9Be+ ions is used, which are

projected onto the trap axis and the distance of the ions is measured. This is

compared with the theoretical value discussed in Sec. 2.3.1 for the given trap

frequency.

The expected distance d between two trapped 9Be+ ions is given by Eq. (2.40):

dtheo = 2 3

√
Q2

16πε0mω2
z

(5.16)

= (49.14± 0.05) µm.

10 CCD images of two 9Be+ ions in the Paul trap, each with an exposure time of

10 s, are taken and the intensity in a small region of interest around the ions is

projected onto the trap axis. The resulting double peak structure is fitted using

the sum of two Gaussian functions, where every data point is weighted with 1/
√
N

(N : number of pixel counts). From the fits the peak-peak distance is extracted

for each CCD image individually. The error is given by the fitting error of the

individual peaks. An example of such a projected CCD image of two ions as well

as the distances for all CCD images is shown in Fig. 5.8. The average distance
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Figure 5.8: Left: Projection of a CCD image of two 9Be+ ions onto the trap
axis. The fitting function is given by the sum of two Gaussian functions. Right:
Measured axial distance dmeas between two trapped 9Be+ ions. The distance is
given by the peak-peak distance of the two fitted Gaussian functions. The error
is given by the fit error of the peaks.

d̄meas is calculated to be

d̄meas = (57.6± 0.1) pixel, (5.17)

where the error is the standard error of the mean. From this the conversion factor

ζ =
dtheo

d̄meas

= (0.853± 0.002) µm pixel−1 (5.18)

and the magnification

M = −13.5 µm

ζ
= −15.82± 0.03, (5.19)

are determined, where it was used that each pixel of the CCD camera has a size

of 13.5 µm×13.5 µm.

So far it was neglected that the scattering rates of the the two ions can be different.

Scattering photons from the cooling laser adds another constant force as given

by Eq. (2.26). For the laser parameters (s0 ≈ 12, δ/2π ≈ 100 MHz) the force is

estimated to be F0 ≈ 1 × 10−20 N. If the same force is acting on both ions, only

the central position is shifted in the direction of the laser and the distance is not

influenced. However, if the ion further along the laser direction scatters less/more

photons the ion distance would decrease/increase.

To estimate the influence of this effect, it is used that the total force acting on
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Figure 5.9: Distance (z1, 0+z2, 0) between two 9Be+ ions in a harmonic potential
with trap frequency ωz/2π = 81.19 kHz as a function of the force difference ∆F
due to different photon scattering rates. In the shown case ∆F > 0 the ion
upstream the laser scatters more photons and is pushed closer to the second ion,
reducing their distance for increasing ∆F .

each of the two ions in equilibrium is zero:

mω2
zz1,0 −

Q2

4πε0m(z1,0 + z2,0)2
+ F1 = 0, (5.20)

−mω2
zz2,0 +

Q2

4πε0m(z1,0 + z2,0)2
+ F2 = 0, (5.21)

where Fi accounts for the light force on each ion individually. Subtracting Eq.

(5.21) from Eq. (5.20) gives

mω2
z(z1,0 + z2,0)− 2Q2

4πε0m(z1,0 + z2,0)2
+ ∆F = 0, (5.22)

where ∆F = F1−F2. For ∆F = 0 this reproduces Eq. (5.16). Eq. (5.22) can be

solved analytically and the distance z1 + z2 as a function of ∆F is shown in Fig.

5.9.

To estimate the force difference ∆F on the two ions in the trap it is used that

the area Ai of the fitted Gaussian functions (see Fig. 5.8) is proportional to the

scattering rate. Then the ratio of the areas gives access to the relative force.

This ratio is calculated for each of the 10 data points and gives an average

A1/A2 = 1.03 ± 0.07, with the standard error of the mean. The correspond-

ing force difference is estimated to be

∆F = (1− A1

A2

)F0 ≈ 3× 10−22 N, (5.23)
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giving a change of the inter ion distance with respect to the case of equal forces

∆F = 0 of about −0.03 µm. This is considerably less than the uncertainty of the

measured distance in Eq. (5.17) and is therefore negligible.

Previously the magnification was estimated to be M = −14.4 ± 0.5 by using

a glass fibre with a known diameter which was put into the trap centre [20].

From the image on the CCD camera the magnification of the imaging system

was inferred. This result differs by ≈ 2.8σ from the measurement presented

in this thesis, which is not significant though it is a large discrepancy. This

difference could be explained by the different measurement methods. The new

method has the advantage of being independent of a glass fibre, which might

introduce uncertainties due to not well known properties like the diameter and

how it scatters light. Additionally, the position of the fibre perpendicular to

the CCD might not be the same as for trapped ions and can only be judged by

whether the fibre and ions are focused when seen on CCD images, which relies

on optical comparisons. The new result avoids this by using ions directly.

5.4 Axial excess micromotion

The axial excess micromotion along the trap axis at CryPTEx has previously been

measured in [29] with the photon-correlation method described above and showed

a velocity amplitude of vmax = (67 ± 2) m s−1 at the trap centre. Such a large

micromotion can lead to heating effects and limits the temperature achievable

through Doppler cooling [28]. Additionally, it introduces second-order Doppler

shifts, which need to be avoided for high precision spectroscopy. For reduction,

new Paul trap electronics were built in [29] and are used here for compensation

of micromotion. To verify the reduction of axial micromotion it is measured for

a single 9Be+ ion in the trap centre.

Axial excess micromotion can be described to first order as a harmonic motion

(see Eq. (2.15)) in phase with the RF voltage used for radial trapping. There-

fore, it can be measured with the above described method, using a signal that

is synchronized with the RF drive at the frequency Ω/2π = 4.23 MHz as a stop

signal. Also, it needs to be considered that the cooling laser and the trap axis

might not be aligned perfectly and are rotated with respect to each other by an

angle θ , which is estimated to be

θ < 0.78◦. (5.24)

The resulting velocity then consists of the projections of axial and radial micro-

65



CHAPTER 5. MEASURING COHERENT ION MOTION

Figure 5.10: Measurement of the micromotion in the trap centre. The fit
function is given by Eq. (5.2). Micromotion causes modulation of ≈ 10 counts
on top of the constant background at ≈ 380 counts.

motion, where the radial component is

vProj
radial = cos(θ)vradial < 1.4 % vradial. (5.25)

Therefore, the result gives only an upper amplitude for the axial micromotion.

One could also implement radial cooling additionally to axial cooling, to reduce

radial micromotion, though this would also produce a signal from the additional

laser.

A frequency divider for the stop signal coming from the AFG is used, in order to

measure two periods instead of one, since 2(2π/Ω) ≈ 473 ns < tMM. The complete

measurement consists of recording the fluorescence for 1 min and measuring the

background for several minutes directly afterwards. The measurement time of

1 min is chosen to reduce wavelength drifts, which are given by drifts from the

wavemeter. The data is corrected for counting characteristics of the different

ADC channels (see Sec. 5.1.2) and the average background is subtracted. An

example for the acquired data is shown in Fig. 5.10. It can be seen that the

micromotion is small since the modulation amplitude is ≈ 10 counts for a signal

of ≈ 380 counts. Performing a least-square fit of the time-dependent fluorescence

from Eq. (5.2) gives kv/δ = (0.2± 0.1).

It remains to determine the absolute detuning. Previously in [29] this has been

done, by measuring the micromotion at different relative detunings, which can be

done with the wavelength meter if the detuning is sufficiently large. The resulting

change can be fitted and the absolute detuning extracted. Here this is not possible

as the axial micromotion is too small.
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The modulation is ∝ 1/δ as can be seen in Eq. (5.2), i.e. a smaller detuning yields

a larger modulation. For typically Γeff/2π ≈ 60 MHz, it is found that δ/2π <

20 MHz is required to see any signal that could be fitted so that the uncertainties

do not exceed the fitted values by far. Knowledge of the cooling lasers frequency

is limited by the absolute accuracy of 10 MHz of the wavelength meter [50], since

frequency stabilization is done using it. This makes a measurement at different

detunings impossible.

To estimate the velocity a frequency-stabilized Helium-Neon laser is used with

drifts < 2 MHz h−1 [51] as a reference. Resonance is found by changing the set

point of the wavelength meter and observing the ion on the CCD camera. The

detuning is measured as the distance from resonance, giving for the measurement

shown in Fig. 5.10 δ/2π = (10 ± 20) MHz. Note that the error is twice the

wavelength meter accuracy, since it is stabilized at 626 nm rather than 313 nm.

The resulting peak velocity is then

vmax = (0.6± 1.2) m s−1. (5.26)

This is considerably lower than the previously measured value of vmax ≈ (67 ±
2) m s−1, which was achieved through compensation of the micromotion with the

new coupling box built in [29].

To assess the result given in Eq. (5.26) it is looked at in a typical experimental

situation with s0 ≈ 10 and Γeff/2π ≈ 65 MHz. To achieve the Doppler limit

δ = Γeff/2 is set. For micromotion to be insignificant, its modulation of the

fluorescence needs to be small, i.e.

kv

δ
=

2kv

Γeff

� 1. (5.27)

This is equivalent to

v � Γeff

2k
≈ 10 m s−1. (5.28)

For the given value in Eq. (5.26) this is satisfied to a decent degree. This indicates

that the temperature through Doppler cooling is not limited by micromotion,

though the large error needs to be taken into account. The result is mostly

limited by the wavelength stability and accuracy given by the wavemeter. A

higher accuracy would allow for a better determination of δ, which is currently

the largest error source. A higher stability would allow for longer measurement

times, which on the one hand reduces the statistical uncertainty. On the other

hand it would allow for measurements at high detunings reducing the relative

error of the detuning, where long measurement times are required due to a low
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signal to noise ratio.

This measurement technique can also be used for CryPTEx II, where a small mi-

cromotion is a necessity, since quantum logic spectroscopy (QLS) [27] is intended.

Firstly, to enable sufficiently low temperatures close to the Doppler limit to make

resolved-sideband cooling [35] possible. Secondly, it can limit the precision of

spectroscopy by inducing a second-order Doppler shift, which sometimes is the

largest uncertainty in optical clocks [10, 12].
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Chapter 6

CryPTEx II

CryPTEx II is the successor experiment of CryPTEx and was designed to im-

prove the mechanical stability of the trap environment as well as the stability

of the overall trapping conditions. At CryPTEx, vibrations caused by the pulse

tube are directly transported to the trap through their semi-rigid connection.

This is undesirable for high precision measurements, since motion of the trap

relative to the laser systems leads to systematic shifts. Therefore, a vibrationally

decoupled cryogenic supply system was designed by Maria Schwarz and Julian

Stark. The system was built in collaboration with the group of Piet O. Schmidt

at the Physikalisch Technische Bundesanstalt in Braunschweig. A twin setup of

the cryogenic system is currently in operation in Braunschweig.

Additionally, a superconductive Paul trap was designed [29] to reach a high sta-

bility of the RF trapping potential and allow for longtime storage of HCI. This

trap will have a radial trap frequency of ωr/2π ≈ 4 MHz and an axial trap fre-

quency of ωz/2π ≈ 2 MHz at UDC = 100 V which allows for resolved-sideband

Raman cooling, currently impossible at CryPTEx due to the low trap frequencies

(ωz/r/2π ≈ 100 kHz). The RF resonator will not be discussed here, since it is still

under construction by the end of this thesis. CryPTEx II was partly assembled

during the scope of this thesis. The setup of the cryogenic system and the results

of its first cool down are presented in this chapter.

6.1 The cryogenic supply

Every system held at a reduced temperature with respect to its environment

will be subject to different heating mechanisms. Even when put into ultra high

vacuum, where convection becomes negligible, blackbody radiation as well as

thermal conduction through any mechanical connections to the environment can

heat up the system considerably. These effects need to be minimized to make it
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Table 3: Estimated heat load of the two temperature stages through blackbody
radiation and through the spokes. A detailed list for the spokes is given Tab. 4.
Source [52].

Blackbody radiation (W) Spokes (W)

4 K stage 0.01 0.08

40 K stage 13.5 1.91

4 K total 13.5 1.99

possible to cool the trap region to cryogenic temperatures. In the following these

effects will be discussed shortly and it will be explained how they are minimized

at CryPTEx II.

Any body with a temperature T > 0 K emits thermal radiation where the spec-

trum is depending on T . This is called blackbody radiation and the emitted

power QBB is described by the Stefan-Boltzmann law:

QBB = εσAT 4, (6.1)

where σ is the Stefan-Boltzmann constant, A is the surface area and ε describes

the emissivity of the body. ε = 1 represents an ideal black body, while for real

materials ε < 1 holds. By reducing the temperature of the body, the radiated

power can be reduced strongly, since QBB ∝ T 4. For this reason the cryogenic

system has two temperature stages. The first stage at 40 K works as a heat shield

to protect the inner 4 K stage from thermal radiation from the vacuum chamber

at room temperature and almost completely surrounds the 4 K stage. This almost

entirely eliminates the heating of the 4 K stage due to blackbody radiation. The

exception are optical ports for injection of lasers and ion sources to the Paul

trap, which allow for blackbody radiation from 300 K to reach the 4 K stage. The

estimated heat inflow through blackbody radiation for both temperature stages is

given in Tab. 3, which shows that the heat input to the 4 K stage is three orders

of magnitude smaller than the heat load onto the 40 K stage.

The second relevant heating effect is the heat flow Qcon between two objects at

temperature T1 and T2 which are connected by a link with uniform cross section

Acs and length l. This is described by

Qcon =
Acs

l

∫ T2

T1

λt(T )dT. (6.2)

The function λt(T ) is the thermal conductivity of the connection and depends on
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Table 4: Heat inflow through the stainless steel spokes used for the mechanical
mounting of the temperature stages for the different parts. The total heat input
for each temperature stage is also given. Source [52].

Location Amount Length (cm) Heat (W)

Pendulum 300 K - 40 K 2 15 0.49

Below trap 300 K - 40 K 12 12 0.92

Trap 300 K - 40 K 12 22 0.50

Total 300 K - 40 K 26 1.91

Pendulum 40 K - 4 K 6 9.7 0.017

Below trap 40 K - 4 K 6 4.3 0.038

Trap 40 K - 4 K 12 17 0.020

Total 40 K - 4 K 26 0.075

the material and the temperature. Eq. (6.2) has two implications for the design

of a cryogenic system. Firstly, mechanical connections to mount the 40 K stage

in the vacuum chamber and the 4 K stage in the 40 K stage should be long and

have a small cross sectional area to limit the heat flow. Additionally, a suitable

material with low thermal conductivity and high mechanical stability needs to be

chosen. For CryPTEx II, these requirements are fulfilled by using spokes with

typically l ≈ 15 cm and Acs ≈ 3.14 mm2 made of stainless steel, which has a low

thermal conductivity while providing sufficient stability. The estimated thermal

conductivity through the spokes is given in detail in Tab. 4. For the 40 K stage

blackbody radiation is the dominant heating effect, while for the 4 K stage it is

significantly smaller than the heat coming through the spokes (see Tab. 3).

Secondly, Eq. (6.2) has consequences for the thermal links between the pulse tube

cooler and the Paul trap, which should transport the heat efficiently to achieve a

low trap temperature. For these parts a high cross sectional area and a material

with a high thermal conductivity is desirable. For CryPTEx II, these parts are

made of highly pure annealed copper (> 99.995 % purity) and are designed to

have a thermal resistance below 0.3 K W−1 for all individual parts. The estimated

values for the thermal resistance of all parts connecting the pulse tube cryocooler

to the Paul trap are given for both temperatures stages in Tab. 5.

As for CryPTEx, the cooling power is produced by a commercial pulse tube

cryocooler with a pumping frequency of about 1 Hz providing a cooling power of

40 W at 40 K and 1 W at 4 K. An overview of the cryogenic setup is shown in

Fig. 6.1. It consists of a pulse tube connected through flexible copper links to

the so called pendulum which is connected through another set of flexible copper
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Table 5: Estimated thermal resistance of the copper parts of the cryogenic
system connecting the pulse tube to the trap environment. The used values for
the material specific thermal conductivity is taken at the temperature of the two
stages, i.e. 4 K and 40 K respectively. The differences in thermal conductivity for
parts at the same temperature is caused by different purities of the used copper.
Source [52].

Location Thermal conductivity λt of Thermal resistance

the material (W cm−1 K−1) of the parts (K W−1)

4 K pulse tube links 70 0.16

4 K pendulum 30 0.22

4 K trap links 70 0.14

4 K below trap 30 0.10

40 K under pulse tube 20 0.03

40 K pulse tube links 20 0.29

40 K pendulum 17 0.11

40 K trap links 20 0.21

40 K below trap 20 0.02

links to a vertical assembly connected directly to the trap chamber. This makes

thermalisation alongside vibrational decoupling of the pulse tube and the trap

environment possible. The length of the complete setup permits to put pulse

tube and the required compressor in a machine room, while Paul trap and laser

systems are placed in a separate room. This will suppress the acoustical noise at

the Paul trap from vacuum pumps, compressor and pulse tube.

The central part of the cryogenic supply system is the horizontal pendulum (see

Fig. 6.1). It is suspended from two spokes attached to the top of the surrounding

vacuum chamber. The 40 K stage is made up of of eight trapezoidal bars, which

Figure 6.2: Side view (left picture) and front view (right picture) of the pendu-
lum made of highly pure copper. Source [52].
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Figure 6.3: Left: Copper link for connection of the pendulum to the vertical
parts. They were specifically designed for vibrational decoupling while maintain-
ing a good thermal connection. Right: Copper links installed under the Paul
trap chamber. Three links per temperature stage are used. Source [52].

are held together by stainless steel screws, forming a hollow tube. Inside, the 4 K

stage consisting of a massive copper rod is mounted with six spokes. A side view

as well as a front view of the pendulum is shown in Fig. 6.2.

The pendulum is connected to the pulse tube and to the vertical part leading

to the trap chamber through the flexible copper links shown in Fig. 6.3. These

were specifically designed to provide a high mechanical flexibility for vibrational

decoupling, while maintaining a cross section area as large as possible to reduce

the thermal resistance (see Eq. (6.2)). The links are machined from highly pure

copper (99.999 %) and were annealed at 800 ◦C. At each temperature stage three

links are installed per side. A picture of the links connecting pendulum and

vertical part attached to the trap chamber is shown in Fig. 6.3.

The heat shields for the trap chamber are cylindrical with an inner diameter

of 269 mm and a height of 165 mm for the 4 K stage. They are shown in Fig.

6.4 without the top cover. Additionally to being made of highly pure copper,

the heat shields were first silver- and then gold-plated with a layer thickness of

10 µm and 0.5 µm respectively. The gold prevents oxidation of the copper and

has a low emittance ε while the silver is needed to prevent diffusion of gold into

the copper. The 4 K stage is fixed to the 40 K stage through 12 spokes and the

40 K is mounted to the vacuum chamber through 12 spokes. Optical access to

the centre of the Paul trap is granted through 12 ports with an angle of 30◦ in

between them as shown in Fig. 6.4. The holes in the 4 K and 40 K heat shields are

extended using tubes, to reduce the thermal load onto the 4 K stage by blackbody

radiation through the ports by reducing the solid angle. Imaging of the trapped

ions is possible through a small optical access in the top cover.
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Figure 6.4: Top (left picture) and side view (right picture) of the heat shields
for the trap chamber without the top cover. They are gold-plated to prevent
oxidation of the copper and for the low emissivity ε of gold. The optical ports
in the 4 K and 40 K heat shields are extended to reduce the solid angle at which
blackbody radiation from 300 K can enter the 4 K heat shield. Pictures made by
Christian Föhr.

6.2 Cooling down

A first cool down of the complete cryogenic system without Paul trap and cabling

was performed with a base pressure at room temperature of≈ 1×10−7 mbar before

the pulse tube cryocooler was turned on. Seven temperature sensors are installed

to measure the temperature gradients in the setup: three on the 4 K stage and

four on the 40 K stage. Their positions are shown in Fig. 6.1. They are typically

located before and after the copper links, to precisely measure the temperature

gradient over those. The temperature was measured as a function of time and is

shown in Fig. 6.5. It took ≈ 200 h to a reach the steady-state temperature for

all sensors. At the 4 K trap chamber heat shield, which will later surround and

thermalise with the trap, the final temperature was 4.23 K with an uncertainty of

5 mK [53]. This is sufficiently low to allow for superconducting operation of the

intended RF-resonator [29] made of Nb [54].

At the beginning of the cool down, the temperatures on the pulse tube fell much

faster compared to the other locations as can be seen in Fig. 6.5. This is to be

expected due to the limited thermal conductivity of copper at 300 K. As the tem-

perature falls, the thermal conductivity increases, which can be seen in particular

on the 4 K sensors, showing an increasingly faster reduction in temperature over

time. Once the temperature on the 4 K stage reaches ≈ 25 K, a sharp decrease

on all 4 K temperatures can be seen, which is related to a highly increased heat

flow, further reducing the temperature and accelerating this effect. A maximum
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thermal conductivity is reached at ≈ 20 K. After that, it decreases again and at

≈ 5 K the sharp decrease stops and only slow thermalisation is observed. It took

an additional ≈ 150 h for full thermalisation. The sudden increase in thermal

conductivity of the 4 K stage after 54 h also leads to a short spike in the temper-

ature of the 40 K pulse tube stage. This is attributed to the sudden heat flow

coming from the 4 K stage.

A residual temperature gradient between the different copper parts according to

their thermal resistance remains. The temperature gradient for the 40 K stage

showed an increase from pulse tube at 30 K to trap chamber at 61 K. The tem-

perature increase over each set of links is approximately the same for pulse tube

and trap side, indicating a similar thermal connection on both sides. Before the

installation of the trap chamber, a previous cool down showed only a increase of

≈ 3 K over each set of copper links at the 40 K stage and overall only a small tem-

perature gradient over the complete system of ≈ 7 K. To explain the differences,

further investigations are required.

The steady-state temperature measured in the trap chamber is 0.2 K lower than

the temperature measured below the trap. This is unexpected but might be

explained by the way the sensors are installed. The sensor in the trap chamber is

fully surrounded by parts at 4 K, while the sensor below the trap has is surrounded

by the 40 K stage. The inflowing heat through blackbody radiation might heat

the sensor slightly, resulting in a higher measured temperature. Overall, the

temperature gradient at 4 K from the pulse tube to the trap chamber is only

0.2 K over a distance of 1.7 m, which is an excellent result. The temperature at

the trap chamber might even be reduced slightly, if the temperature of the 40 K

shield can be reduced further.

The pressure at 300 K was measured during the cool down and is shown in Fig.

6.5. When going to cryogenic temperatures residual gas in the vacuum chamber

freezes to the cryogenic surfaces, reducing the pressure. It decreased from the

initial ≈ 1 × 10−7 mbar to ≈ 2 × 10−9 mbar at the end of the measurement,

though it was still falling. A lower pressure is expected to be achievable by

pumping longer before starting to cool down and by replacing the Viton gasket of

the CF400 trap chamber with a copper gasket. Inside the 4 K trap chamber only

H2 does not condense and the pressure is correspondingly expected to be much

lower [44].
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Chapter 7

Summary and outlook

This thesis paved the way for the start-up of CryPTEx II. The first part con-

sists of measurements of the trapping potentials performed at CryPTEx using a

photon-correlation technique, which is also applicable to CryPTEx II. This al-

lows for the determination of the trap frequencies and micromotion as well as the

magnification of the imaging system. In particular, a suppressed excess micro-

motion is measured, which is an essential prerequisite for ground state cooling.

In the second part of this thesis, the cryogenic system for CryPTEx II was partly

assembled and the first cool down measurement was performed, showing good

results.

The axial trap frequency at CryPTEx was determined using the COM mode of

different numbers of 9Be+ ions giving ωz = (81.19 ± 0.08) kHz. For this, the

trapped ions were driven by an external AC field and the modulated scattering

rate of photons from the cooling laser was measured. Especially the relative phase

between the driving field and the ion’s motion were in very good agreement with

the ideal driven harmonic oscillator. This allowed for accurate measurement of

the trap frequency with very small regards to systematic errors compared to a

determination via the CCD camera, where also the incoherent motion of the ion

in measured. The magnification of the imaging system was inferred from CCD

camera images of two trapped 9Be+ ions and the measured trap frequency giving

M = −15.82 ± 0.03. This method to determine the magnification reduced the

uncertainty by one order of magnitude compared to a previous measurement [20],

which deviated from this new result by ≈ 2.8σ.

Axial excess micromotion was measured and compared to a previous result [29]. It

showed a current peak velocity of vmax = (0.6±1.2) m s−1, which is ≈ 100 smaller

than a previous measurement [29]. The reduction was achieved by use of a new

Paul trap electronics built in [29]. The precision in the determination of the peak

velocity is limited by the wavelength accuracy and stability of the wavelength

79



CHAPTER 7. SUMMARY AND OUTLOOK

meter used for frequency stabilization of the cooling laser. This introduces large

uncertainties and limits the measurement time due to frequency fluctuations.

To improve this another way of wavelength stabilization needs to be employed.

This greatly reduced axial excess micromotion is sufficiently small to not cause

significant heating effects counteracting Doppler cooling. Micromotion also causes

a second-order Doppler shift, limiting the precision of high precision spectroscopy.

In the last chapter, the cryogenic supply of the successor experiment CryPTEx

II is described, which was partly assembled during this thesis. It is designed to

allow for small thermal gradient while vibrationally decoupling pulse tube and

Paul trap. The first cool down of the whole system showed promising results

where a temperature of 4.23 K was achieved for the trap environment. This is

sufficiently low to make superconducting operation of the intended RF resonator

[29] made of Nb possible, which will be used to trap HCI in ultra-stable RF

potentials. It will also permit sideband-cooling due to the much higher trap

frequencies compared to CryPTEx. The resonator is currently being assembled

in the workshop of the Max Planck Institute for Nuclear Physics.

The long term goal for CryPTEx II is Quantum logic spectroscopy (QLS) [27].

It has been shown that a single 9Be+ ion is sufficient to sympathetically cool one

HCI [18], making QLS possible. Ground state cooling needs to be performed

before QLS can be employed and is the next required step. At CryPTEx this is

not possible, as a result of too low trap frequencies. CryPTEx II is expected to

achieve sufficiently high trap frequencies so that resolved-sideband Raman cool-

ing is possible. For this, a cooling scheme needs to be developed and a second

313 nm laser, similar to the current one used for Doppler cooling, is required. The

first candidate for QLS is Ar+13, since it possesses a transition at 441 nm and was

previously measured [55]. A spectroscopy laser for this wavelength range is avail-

able in the laboratories of CryPTEx [56]. Also the search for other candidates,

accessible with the existing laser, are under investigation using electron beam ion

traps.
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M. A. Hohensee, and H. Häffner, “Michelson-Morley analogue for electrons

using trapped ions to test Lorentz symmetry,” Nature, vol. 517, Jan 2015.

[23] R. Shaniv, R. Ozeri, M. S. Safronova, S. G. Porsev, V. A. Dzuba, V. V.
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