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Abstract

This thesis reports on setting up from scratch a new experimental apparatus with trapped
27Al+ and 40Ca+ ions, including the ion trap and all relevant laser systems for precision
spectroscopy. Laser ablation loading of both ion species was implemented and in addition
their sympathetic cooling dynamics were investigated. Second, systematic frequency shifts,
especially the electric quadrupole shift along 40Ca+ ion strings were calibrated with sub-Hertz
resolution by carrying out Ramsey experiments with Ramsey times orders of magnitude longer
than the single ion coherence time, correlating the results and evaluating the obtained parity
oscillations. Third, the absolute frequency of the 1S0 ↔ 3P1, F = 7/2 transition in 27Al+

and the Landé g-factor of the excited state g 3P1 F=7/2 were measured using Ramsey‘s method
of separated fields by quantum logic spectroscopy with a 40Ca+ ion whose S1/2 ↔ D5/2

electric quadrupole transition was used as a frequency reference. Finally the 1S0 ↔ 3P0 clock
transition in 27Al+ was observed.
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Zusammenfassung

Diese Arbeit berichtet vom Aufbau eines neuen Ionenfallenexperiments inklusive aller relevaten
Lasersysteme für die Präzisionsspektroskopie an gespeicherten 27Al+ und 40Ca+ Ionen. Ionen
beider Spezies wurden mittels Laser-Ablation geladen und deren mitfühlendes Kühlverhal-
ten wurde untersucht. Des Weiteren wurden systematische Frequenzverschiebungen, speziell
die elektrische Quadrupolverschiebung entlang einer Kette von gefangenen 40Ca+ Ionen mit
sub-Hertz Auflösung gemessen. Dazu wurden Ramsey Experimente mit um Größenordnungen
längeren Wechselwirkungszeiten als die Kohärenzzeit des einzelnen Ions durchgeführt. Oszilla-
tionen des Paritätssignals geben Aufschluss über den Unterschied in den Übergangsfrequenzen
der einzelnen Ionen. Darüber hinaus wurde die absolute Frequenz des 1S0 ↔ 3P1, F = 7/2
Übergangs in 27Al+ Ionen sowie der Landé g-Faktor des oberen Zustands g 3P1 F=7/2 mittels
Ramsey Spektroskopie bestimmt. Die elektronische Besetzung im Aluminiumion wurde durch
Quantenlogik mit einem 40Ca+ Ion nachgewiesen, dessen S1/2 ↔ D5/2 Quadrupolübergang
als Frequenzreferenz diente. Schließlich wurde der 1S0 ↔ 3P0 Uhrenübergang im 27Al+ Ion
beobachtet.
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1 Introduction

Thousands of years ago mankind started to observe time based on regular periodic phenomena
in nature. Monuments like Stonehenge and devices like the sky disk of Nebra allowed for the
observation and prediction of equinoxes and solstices, respectively which was important for
early agriculture.
The progression of civilization and the need of synchronizing social events required the

observation of time on shorter scales. This led to the development of sundials [1]. The
frequency ratio of the earth‘s orbit and the phases of the moon led to the division of the
daylight into twelve parts [1]. However, there are some impractical characteristics of sundials.
The length of one hour changes with the latitude of the observer and depends on the season.
Moreover sundials simply don‘t work at night and cloudy days. Other approaches to measure
time like water clocks and sandglasses overcame this problem by tracking time based on a
constant flow rate.
Development in metal processing led to the invention of pendulum clocks by Christiaan

Huygens in 1656, which were the first clocks containing an intrinsic oscillator. Each oscillation
period of these pendula corresponds to a temporal period of one second. However, since
their oscillation frequency depends on the acceleration, acting on the pendulum, which is not
constant on a wavering ship, these clocks turned out to be not accurate enough for nautical
navigation. The use of a spring-based oscillator solved this problem.
With the development of electronics and the discovery of the piezo-electric effect [2] at the

end of the 19th century quartz clocks came up. With a higher clock speed and independence
from external perturbations quartz clocks led to an improvement of one order of magnitude
in time keeping with respect to the best pendulum clocks [1]. However, quartz crystals have
never identical natural frequencies and in addition they age, resulting in long term frequency
drifts.
The idea of using atomic systems for time keeping was conceived in the middle of the 20th

century. The first concept of an atomic clock was devised in 1945 by I. I. Rabi [3,4]. It makes
use of two atomic energy levels that are coupled by electromagnetic radiation at their resonance
frequency which denotes the oscillator. Atoms of the same kind have identical properties (to
the current status of knowledge), allowing identical atomic clocks to be built anywhere. The
current definition of the second is based on cesium fountain clocks using Ramsey‘s method of
separated fields [5]:
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Chapter 1. Introduction

The second is the duration of 9 192 631 770 periods of radiation corresponding to the transition
between the two hyperfine levels of the ground state of the cesium 133 atom.

The performance of a clock is characterized by two properties, accuracy and stability. Ac-
curacy is the degree of conformity of the measured time to its definition, which is related to an
offset from the ideal value. It depends on the perturbability of the clock. Stability indicates
how well an oscillator can produce the same frequency over a given period of time τ and is
characterized by the Allan deviation. The instability of a shot-noise limited atomic clock is
expressed by [6]

σy(τ) ∼ 1
πQ

√
Tc
Nτ

(1.1)

where Tc is the interrogation time, Q = ν0/∆νFWHM the quality factor as the ratio between
oscillation frequency and the spectral width of the atomic transition, N the number of atoms
(shot noise) and τ the measurement time. Reduction of Doppler-shifts by laser cooling enable
current cesium fountain clocks [7] to reach fractional frequency instabilities in the low 10−16

range. From equation 1.1 it can be seen that this can be improved using spectrally narrow
transitions with higher frequency.
The invention of optical frequency combs [8] facilitated direct frequency measurements in

the optical domain substantially and so optical atomic clocks became a logical consequence.
The frequency comb down-converts optical frequencies to the radio frequency domain where
they can be handled and distributed by common electronics. Over the last years huge progress
was made with optical clocks based on trapped ions [9] and neutral atoms captured in optical
lattices [10], which nowadays outperform the cesium fountain clocks by two orders of magnitude
in terms of stability and accuracy [9, 10]. Currently the most stable clock is based on neutral
strontium atoms in an optical lattice [10]. The stability of these clocks benefits from a high
number of atoms that can be investigated simultaneously. However, the accuracy of these
clocks suffers from drifting systematic shifts, especially the AC Stark shift resulting from
black-body radiation.
Contrary to that, aluminium ions feature a clock transition around 1.121 PHz that is ex-

tremely robust to external perturbations which makes it well suited for time keeping, especially
in noisy environments. Single ion aluminium clocks already reached amazing stability and ac-
curacy almost a decade ago. The fractional inaccuracy of 8.6 · 10−18 measured in ref. [9] is
limited primarily by uncertainties in the second order Doppler-shift, which could be recently
reduced by a factor of 50 [11]. It was proposed that a quantum network of clocks based
on aluminium ions has the potential to reach the 10−20 level [12]. The only drawback of
aluminium ions is that they lack a practical closed transition for Doppler-cooling and state
detection. This problem can be overcome by simultaneously trapping another species that
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can be directly cooled. So far beryllium and magnesium ions were used as logic ions [9]. The
use of 40Ca+ ions as logic ions is advantageous as better cooling results due to a narrower
linewidth of the cooling transition and its similar mass to 27Al+can be achieved [13], reducing
the uncertainty in the second order Doppler-shift. A detailed comparison of advantages and
disadvantages of relevant atomic and ionic species under investigation for an optical frequency
standard can be found in [14].
There are plenty of useful applications for ultra precise clocks. Besides for time keeping,

frequency measurements can be used for a more accurate definition of other physical units.
Furthermore the resolution of positioning systems like GPS and GALILEO rely on the perfor-
mance of atomic clocks. Research in the field of general relativity benefited from that progress
since a gravitational red-shift from an elevation difference of only 30 cm could be observed
by recent clock comparisons [15] and also relativistic time dilatation of ions experiencing dif-
ferent excess micromotion was investigated [15]. The test of fundamental theories and the
investigation of the variation of fundamental constants like the fine structure constant [16] are
probed by comparing transition frequencies of different atomic species over a long period of
time. Furthermore, more precise synchronization of radio telescopes increases the resolution
of telescope arrays and interferometric measurements on large baselines which opens up new
possibilities in astrophysics.
All these interesting applications and a collaboration with the European Space Agency

(ESA) initiated the work on an optical frequency standard in the group of Rainer Blatt in
Innsbruck. The key focus of research in the group is on quantum computation and quantum
information processing with trapped 40Ca+ ions. Key techniques developed in that context al-
low one to detect the internal state of the 27Al+ ion via quantum logic spectroscopy (QLS) and
can enhance the performance of trapped-ion clocks by deterministic creation of entanglement.
This work lays the foundation of a frequency standard based on trapped 27Al+ and 40Ca+

ions. The thesis is structured as follows. Chapter 2 gives a short theoretical description of
all relevant phenomena of trapped ions interacting with light fields. Chapter 3 focuses on the
atomic properties of both ion species and the relevant transitions used in this work. A detailed
description of the experimental setup that was built can be found in chapter 4. Chapter 5
presents fundamental experimental techniques in ion trapping experiments. The experimental
results of this work are presented in chapter 6. Chapter seven concludes the thesis.
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2 Ion trapping fundamentals & theoretical
framework

This section describes the confinement generated by a linear Paul trap and the resulting
classical motion of a charged particle in the potential [17]. Later, the discussion will be
extended to describe the collective motion of ions in a mixed ion crystal [18].

2.1 Operation principle of a linear ion trap

A standard linear Paul trap consists of six electrodes, four radial and two axial ones. Re-
spectively two opposing electrodes are kept on the same potential. A schematic drawing of a
standard linear Paul trap is presented in figure 2.1.

U0U0

V0cos(ΩTrapt)

V0cos(ΩTrapt)

Gnd

Gnd

X

Y
Z

2Z

R

Figure 2.1: Schematic drawing of a standard linear Paul trap.

The radial confinement is created by four cylindrical electrodes. One pair is grounded while
a radio frequency (RF) voltage V = V0cos(ΩTrapt) is applied to the other one. The resulting
potential at the center of the trap is expressed by [17]

V (x, y, z, t) = V0
2

(
1 + κrad(x2 − y2)

R2

)
cos(Ωtrapt) (2.1)

with R being the distance from the trap center to the electrodes. κrad ≈ 1 is a geometrical
factor that accounts for the shape of the electrodes (hyperbolic electrodes have κrad = 1). At
any position off the z axis (x, y 6= 0), a charged particle experiences a force F (x, y, t) from
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2.1. Operation principle of a linear ion trap

the corresponding electric field. Over one radio frequency period the mean ion position hardly
changes and the force averages to 〈F (x, y)〉. The related pseudopotential well [17] can be
calculated by integration Φps = −

∫
〈F (x, y)〉 to

Φps = QV 2
0

4MR2Ω2
trap

, (2.2)

where M is the mass and Q the charge of the particle. The axial confinement is created by
two endcap electrodes on the trap axis which are kept on a static voltage U0. The distance
between the endcaps (2Z) is the same as the length of the radial electrodes. The resulting
static potential is given by

U(x, y, z) = κaxU0
Z2

(
z2 − 1

2(x2 + y2)
)
. (2.3)

A further geometrical factor κax < 1 accounts for the shape of the endcap electrodes. The
motion of a trapped particle in the combined static and RF potential is described by the
Mathieu equations

d2xi
dt2

+
Ω2
Trap

4 (ai + 2qicos(ΩTrapt))xi = 0 (2.4)

using the dimensionless parameters ai and qi which are defined as ax,y = −az/2 = − 4QκaxU0
MZ2Ω2

trap

and qx = −qy = 2QκradV0
MR2Ω2

trap
, qz = 0. Stable ion trapping is possible, if the trajectories in all three

directions are confined. Parameters that lead to stable solutions are depicted in a stability
diagram [17,19]. Finally the equation of motion can be approximated by

xi(t) ≈ Aicos(ωit+ ϕi)
(

1 + qi
2 cos(ΩTrapt)

)
(2.5)

with the amplitude Ai and phase ϕi depending on the initial conditions. The motion of the
particle can be separated in two parts. A harmonic oscillation at frequencies

ωx,y = 1
2ΩTrap

√
ai + 1

2q
2
i and ωz =

√
κaxQU0
8MZ2 (2.6)

which is called secular motion and the driven motion due to the trapping field at frequency
Ωtrap, called micromotion. Additional electric stray fields at the trap can shift the static part
of the potential. As a consequence RF and DC null do not necessarily overlap which gives rise
to excess micromotion.
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Chapter 2. Ion trapping fundamentals & theoretical framework

2.2 Mixed Coulomb ion crystals

As soon as more ions are confined in the trap, the Coulomb repulsion between the ions needs to
be considered. When the kinetic energy of the ions becomes small compared to the Coulomb
energy, regular structures are formed which are known as ion crystals. The ions align them-
selves such that their potential energy is minimum [20]. For sufficiently cold temperatures the
ions‘ motion can be described as a set of collective motional modes around their equilibrium
positions [20]. A detailed description of the problem for ions of the same kind can be found
in [20]. In order to determine the equilibrium positions and mode frequencies of a mixed ion
string the equations derived in [20] need to be generalized for different ion masses. According
to [18,21] this can be done in the following way.

The potential energy of a mixed N-ion string in a static harmonic potential is given by

V =
N∑
i=1

∑
α=x,y,z

1
2miω

2
i,αr

2
i,α +

N∑
n=1

∑
m 6=n

1
2
Z2e2

4πε0
1

|rm − rn|
(2.7)

where mn is the mass of the nth ion and ωn,α its oscillation frequency along the direction α.
All ions are assumed to have the same charge Z. Introducing the length scale l3 = Z2e2

4πε0m0ω2
0

with the mass m0 and the oscillation frequency ω0 of a reference ion (40Ca+ in this work),
allows one to rewrite the potential energy in a dimensionless form

V = 1
2m0l

2

∑
i,α

µiω
2
i,αρ

2
i,α + ω2

0
∑
n,m
n6=m

1
|ρm − ρn|

 (2.8)

with ρi = ri/l and µi = mi
m0

. In the case of a linear ion string the coordinates in the transverse
directions are zero (ρi,x = ρi,y = 0). With the definition ui ≡ ρi,z the expression for the
equilibrium positions u0

i of the ions is given by

∂V

∂ui

∣∣∣∣
ui=u0

i

= 0 ⇐⇒ ciu
0
i + d

dui

∑
n
n6=i

1
|ui − un|

∣∣∣∣
ui=u0

i

= 0

⇐⇒ ciui −
∑
n
n<i

1
(u0
i − u0

n)2 +
∑
n
n>i

1
(u0
i − u0

n)2 = 0 (2.9)

with ci = µi(ωiz
ω0

)2. This expression can be solved by numerical solvers for nonlinear equations.
For two singly charged ions in a static harmonic potential the equilibrium positions are u2 =
−u1 = 2− 2

3 and the equilibrium distance is
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2.2. Mixed Coulomb ion crystals

d =
(

e2

2πε0m0ω2
0

) 1
3

. (2.10)

The calculation of the motional modes of a mixed ion crystal starts with the Lagrangian, which
contains the kinetic and potential energy terms L = T − V , and is given by

L = 1
2
∑
i,α

mi
·
r

2
i − V (ri,α) = 1

2m0l
2

∑
i,α

µi
·
ρ

2
i,α − ω2

0

∑
i,α

ci,αρ
2
i,α +

∑
n,m
n6=m

1
|ρm − ρn|


 . (2.11)

Approximating the Lagrangian to second order around the equilibrium positions ρ0
m = (0, 0, u0

m)
determined above, and rewriting the ion positions as ρm = (qmx, qmy, u0

m+qmz) the Lagrangian
can be decomposed as L = Lx + Ly + Lz where

Lz = 1
2m0l

2

∑
i

µi
·
q

2
i,z −

∑
i

µiω
2
i,zq

2
i,z −

ω2
0

2
∑
i,j

qi,zqj,z
∂

∂qi,z

∂

∂qj,z

∑
n,m
n6=m

1
|ρm − ρn|

∣∣∣∣
qi=0

 . (2.12)

The expressions for Lx and Ly are similar. Note that a constant offset was subtracted from

L. The term S = 1
2
∑
i,j qi,zqj,z

∂
∂qi,z

∂
∂qj,z

∑
n,m

n6=m

1
|ρm−ρn|

∣∣∣∣
qi=0

can be split into two parts for i = j

and i 6= j and yields

S = 1
2
∑
i

q2
i,z

∑
n,m
n 6=m

2
|u0
m − u0

n|3
(δn,i + δm,i) + 1

2
∑
i,j
i 6=j

qi,zqj,z
∑
n,m
n 6=m

2
|u0
m − u0

n|3
(δn,iδm,j + δn,jδm,i)

=
∑
n

q2
n,z

∑
n6=m

2
|u0
m − u0

n|3

+
∑
n,m
n6=m

qn,zqm,z

( −2
|u0
m − u0

n|3
)
. (2.13)

The Lagrangian can be rewritten as [18,21]

Lz = 1
2m0l

2

∑
i

µi
·
q

2
i,z −

∑
i,j

Azi,jqi,zqj,z

 (2.14)
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Chapter 2. Ion trapping fundamentals & theoretical framework

where Azi,j is the coupling matrix (Hessian matrix)

Azi,j =


µiω

2
i,z + 2ω2

0
∑
n6=i

1
|u0

i−u0
n|3

i = j

−2ω2
0
∑
n6=i

1
|u0

i−u0
n|3

i 6= j .
(2.15)

Using mass weighted coordinates q′ = Mq with Mij = δij
√

mi
m0

the Lagrangian becomes

Lz = 1
2m0l

2
[
(
·
q′z)t

·
q′z − (q′z)tM−1AzM−1q′z

]
(2.16)

Inserting the Lagrangian into the Lagrangian equation of motion

d

dt

∂L

∂
·
qi
− ∂L

∂qi
= 0 (2.17)

leads to the axial modes

··
q′z +M−1AzM−1q′z = 0 (2.18)

For ions with the same mass the expression reduces to the formula given in [20]. Introducing
the symmetric matrix Ãz = M−1AzM−1 with its elements

Ãzij = 1
√
µiµj

Azij =


ω2
i,z + 2ω2

0
µi

∑
n6=i

1
|u0

i−u0
n|3

i = j

− 2ω2
0√

µiµj

∑
n6=i

1
|u0

i−u0
n|3

i 6= j
(2.19)

the equations of motion become

··
q′z + Ãzq′z = 0. (2.20)

Solving the eigenvalue problem Ãzq′z = (λz)2q′z leads to the eigenfrequencies λz of the col-
lective modes of motion. The transverse mode frequencies can be calculated by the same ap-
proach. The only difference is the second order derivative of the term describing the Coulomb
interaction. The corresponding matrix elements are

Axi,j =


µiω

2
i,x − ω2

0
∑
n 6=i

1
|u0

i−u0
n|3

i = j

+ω2
0
∑
n6=i

1
|u0

i−u0
n|3

i 6= j
(2.21)

that enter into the eigenvalue problem for the transverse mode frequencies λx and analogously
for λy. A comprehensive description of mixed ion crystals can be found in [18].
The motion of a mixed two-ion crystal is described by six motional modes, one in-pase and

one out-of-phase mode along the three trap axis. A detailed description of the normal modes
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2.2. Mixed Coulomb ion crystals

of a Ca+/Al+ion crystal can be found in [13].

9



Chapter 2. Ion trapping fundamentals & theoretical framework

2.3 Interaction of trapped ions with lasers

The following section describes the interaction of an ion, confined in a trap, with laser radiation.
First a free two-level atom is considered. Second, the confinement is taken into account by the
description of the quantum mechanical harmonic oscillator. Subsequently, both Hamiltonians
are added up to describe the combined system. Furthermore, carrier and sideband transitions
are described as well as off-resonant laser-ion interactions. Next, a change to the density
matrix formalism is made which allows one to account for dissipation and decoherence. Last,
Ramsey‘s method of separate oscillatory fields is described.

2.3.1 Interaction of a free two level atom with monochromatic light

To describe the interaction of an atom with a laser field simplifications need to be made. In
cases where the driving field is close to resonance to the transition between two atomic levels
while other transitions are far detuned, the so called two-level atom is a good approximation
to real systems. The Hamiltonian describing the bare atom is

Ĥa = ~ω0
2 σ̂z (2.22)

where ~ω0 denotes the energy difference between ground |g〉=|↓〉 and excited |e〉=|↑〉 state and
σ̂z is a Pauli spin operator. The perturbation by a classical light field close to resonance with
frequency ωl and phase φl is described by the Hamiltonian

Ĥl = ~Ωσ̂xcos(ωlt+ φl). (2.23)

Resonant light leads to population oscillations between ground and excited state at a frequency
Ω, known as the Rabi frequency whose strength is set by the electric field strength of the light
field and the coupling matrix element of the atomic levels coupled by the light field (see section
3). The combined Hamiltonian Ĥ = Ĥa + Ĥl is transferred to the interaction picture with
respect to Ĥa via Ĥint = Û†0ĤaÛ0 using the time evolution operator Û0 = e−iHat/~ [22]. After
a rotating wave approximation, neglecting sum frequency terms, the interaction Hamiltonian
denotes

Ĥint = ~
Ω
2 (cos((ωl − ω0)t+ φl)σ̂x + sin((ωl − ω0)t+ φl)σ̂y) . (2.24)

After introducing the electronic raising and lowering operators σ̂± = (σ̂x ± iσ̂y)/2 and substi-
tuting the detuning (ωl − ω0) = δ , the Hamiltonian can be rewritten as:

Ĥint = ~
Ω
2
(
e−i(δt+φl)σ̂+ + ei(δt+φl)σ̂−

)
(2.25)

10



2.3. Interaction of trapped ions with lasers

This is the final expression for the interaction of a two-level atom with a laser.

2.3.2 Quantum mechanical harmonic oscillator

So far the position of the particle, interacting with a laser was assumed to be fixed. To account
for the influence of the ion motion in the trap, the Hamiltonian for a quantum mechanical
harmonic oscillator has to be added. For the sake of simplicity, a one dimensional quadratic
potential is assumed.

Ĥtr = p̂2

2m + 1
2mω

2
trx̂

2 (2.26)

The Hamiltonian describes the total energy of a particle with mass m oscillating at a frequency
ωtr/2π, where x̂ and p̂ denote position and momentum operators. It is useful to introduce the
creation and annihilation operators [23]

â† =
√

mωtr
2~

(
x̂− i

mωtr
p̂
)

and â =
√

mωtr
2~

(
x̂+ i

mωtr
p̂
)
. (2.27)

Hence the position and momentum operators can be represented as

x̂ = (â+ â†)x0 and p̂ = i(â† − â) ~
2x0

(2.28)

where x0 =
√
~/(2mωtr) denotes the spatial extent of the ground state wave function. In

terms of the creation and annihilation operators the Hamiltonian can be expressed as

Ĥtr = ~ωtr(â†â+ 1
2) = ~ωtr(n̂+ 1

2). (2.29)

The number operator n̂ has eigenstates |n〉 that correspond to the number of motional quanta
(phonons) contained in the oscillator.

2.3.3 Combined system

In order to describe the interaction of a trapped two-level atom with a laser field equation
(2.25) has to be modified with an additional term eikx̂ = eiη(â+â†) that accounts for the ion‘s
position. The resulting Hamiltonian yields [24]

Ĥ1 = ~
Ω
2 (σ̂+ + σ̂−)(eiη(â+â†)e−i(δt−φl) + e−iη(â+â†)ei(δt−φl)) (2.30)

with η being the Lamb-Dicke parameter. It is the product of the angular wavenumber of the
laser field k with the spatial extent of the ion‘s ground state wave function and the angle
between the laser and the direction of motion.

11



Chapter 2. Ion trapping fundamentals & theoretical framework

η = kx0cos(Θ) = k

√
~

2mωtr
cos(Θ) (2.31)

In the case of a mixed ion crystal (see section 2.2) the Lamb-Dicke parameter is given by

ηiα = k

√
~

2miωα
Vi,α (2.32)

where Vi,α is the matrix element of the matrix V diagonalizing the matrix A = V DV † (with
D = Ãzor D = Ãx). The elements Vi,α, i = 1, ..., N are the normal mode contributions to
the mass weighted coordinate vector q′ normalized to 1. A rotating wave approximation and
transforming the Hamiltonian to the interaction picture with respect to the Hamiltonian of
the unperturbed system Ĥ0 = ~ω0

2 σ̂z + ~ωtr(â†â+ 1
2) leads to:

Ĥint = ~Ω(σ̂+e
iη(âe−iωlt+â†eiωlt)e−i(δt−φl) + h.c.) (2.33)

If the extension of the wave function is small compared to the laser wavelength, the inequality
η2(2n̄+1)� 1 holds, which is known as the Lamb-Dicke regime. In this regime the Hamiltonian
can be Taylor-expanded to first order to

Ĥint(t) = ~Ωσ̂+(1 + iη(âe−iωt + â†eiωt))e−i(δt−φl) + h.c.. (2.34)

The approximation holds for transitions that change the motional state by zero or one quanta.
The ion motion in the trap leads to an oscillating Doppler shift of the laser frequency. From the
ion‘s point of view this translates into a frequency modulation of the laser. As a consequence
sideband transitions show up that allow for manipulation of the ion‘s internal and motional
state. Three different types of resonant transitions can be identified. The carrier transition
only couples the internal states and leaves the motional state unchanged. Its Hamiltonian is
given by:

Ĥcar = ~
Ωn,n

2
(
eiφl σ̂+ + e−iφl σ̂−

)
. (2.35)

Deep within the Lamb-Dicke regime, the coupling strength of the carrier transition is indepen-
dent from its motional state. When considering up to second order in η the coupling strength
scales as Ωn,n = (1−η2n)Ω. A process that changes the internal state and lowers the motional
state by one quantum is called red sideband transition with the corresponding Hamiltonian

Ĥrsb = i~η
Ωn,n−1

2
(
eiφl âσ̂+ − e−iφl â†σ̂−

)
. (2.36)

12



2.3. Interaction of trapped ions with lasers

The opposite process adds a phonon to the system and is called blue sideband transition and
described by

Ĥbsb = i~η
Ωn,n+1

2
(
eiφl â†σ̂+ − e−iφl âσ̂−

)
. (2.37)

The coupling strengths on red and blue sideband transitions are Ωn−1,n = η
√
nΩ and Ωn,n+1 =

η
√
n+ 1Ω respectively. Comparing Rabi frequencies on carrier and sideband transitions allows

one to extract the Lamb-Dicke parameter. Sideband transitions allow one to couple internal
and external degrees of freedom and therefore enable:

1. Coupling of internal and external degrees of freedom

2. Frequency-resolved sideband cooling (see section 5.2)

3. Quantum logic spectroscopy (see section 5.5).

The mean phonon number can be determined by comparing the relative coupling strengths of
red and blue sideband. Typically the ion‘s motional state after laser cooling is described by a
thermal state with Fock state populations pn(n̄) = 1

n̄+1( n̄
n̄+1)n. Thus carrier Rabi oscillations

contain frequency components weighted by the thermal distribution.

|c↑|2 =
∞∑
n=0

pn(n̄)sin2
(Ωn,n

2 t

)
(2.38)

Consequently Rabi oscillations damp faster with increasing n and the oscillation period be-
comes longer.

2.3.4 Off-resonant light field

As the light is tuned away from the atomic resonance Rabi oscillations become faster with
a decreasing amplitude. The upper state population |c↑|2 can be calculated by solving the
optical Bloch equations [25]

|c↑|2 = Ω2

Ω2 + δ2 sin
2
(1

2
√

Ω2 + δ2t

)
. (2.39)

For a large detuning δ � Ω the population transfer is greatly suppressed, but the presence of
the light field shifts the atomic energy levels, which is known as the AC-Stark effect. The per-
turbation causes new eigenenergies of the two-level atom. The AC-Stark shift of the transition
is given by

4Stark = Ω2

2δ (2.40)

while the lower level is shifted by −Ω2/4δ and the upper level by Ω2/4δ.

13
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2.3.5 Dissipation & decoherence

So far the coherent interaction of a trapped two-level atom with a laser field was consid-
ered. In real quantum systems dissipation and decoherence are always present. Such effects
stochastically change the quantum state. In the case of spontaneous emission the populations
change due to a stochastic decay of the atom from the excited state to the ground state.
Since the quantum system exchanges energy with the environment, it is said to be open. A
quantitative treatment of open quantum systems is possible by the use of the density ma-
trix formalism [25, 26]. The generalized form of the Schrödinger equation, the Von Neumann
equation, is

d

dt
ρ̂ = − i

~

[
Ĥ, ρ̂

]
(2.41)

where ρ̂ = ∑
i
pi |ψi〉 〈ψi| is the density matrix with probabilities pi. Including dissipative

processes described by a Liouvillian L̂ that takes into account system-environment interactions,
the master equation becomes

d

dt
ρ̂ = − i

~

[
Ĥ, ρ̂

]
+ L̂ρ̂. (2.42)

Using the Lindblad notation [27], the Liouvillian describing spontaneous emission can be re-
expressed in terms of the electronic raising and lowering operators as

d

dt
ρ̂ = − i

~

[
Ĥ, ρ̂

]
− Γ

2 [ρ̂σ̂+σ̂− + σ̂+σ̂−ρ̂− 2σ̂−ρ̂σ̂+] (2.43)

with the decay rate Γ of the excited state. The master equation of a coherently driven two
level system including spontaneous emission can be explicitly written where energy conserving
and dissipative terms are separated. The time dynamics of the density matrix elements for a
two-level system (|g〉 , |e〉) is given by the optical Bloch equations:

·
ρee = + i

2Ω(ρeg − ρge)− Γρee (2.44)

·
ρgg = − i2Ω(ρeg − ρge) + Γρee (2.45)

·
ρeg = + i

2Ω(ρee − ρgg) + iδρeg − (Γ/2)ρeg (2.46)

·
ρge = − i2Ω(ρee − ρgg)− iδρge − (Γ/2)ρge. (2.47)
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2.3. Interaction of trapped ions with lasers

An analytical expression describing the upper state population (with |ρee(t = 0)|2 = 0) of a
resonantly driven two level atom including dissipation is given by [26]

|ρee(t)|2 = Γ2

Γ2 + 2Ω2

[
1− 2Ω2

Γ e−(3Γ/4)t
{
cosh(ζt) + (3Γ/4)

ζ
sinh(ζt)

}]
(2.48)

where ζ =
√

(Γ/4)2 − Ω2.

2.3.6 The Bloch sphere

To gain a graphical understanding of coherent operations on a two-level atom it is useful to
introduce the Bloch sphere representation of the two-level system which is depicted in figure
2.2.

|ψ  

1

2
(|↓ +|↑ ) 

|↓  = |1  

θ 

φ 

Z 

X 
Y 

|↑ = |0  

1

2
(|↓ -|↑ ) 

1

2
(|↓ −i|↑ ) 

1

2
(|↓ +i|↑ ) 

Figure 2.2: Bloch sphere representation of a two-level system. Any pure quantum state |ψ〉 =
α |↓〉 + β |↑〉 with α2 + β2 = 1 can be represented as a vector (Bloch vector), pointing on the
surface of a three dimensional unit sphere. Ground and excited state correspond to north and
south pole of the sphere, respectively. Two pairs of orthogonal superposition states lie in the
equatorial plane. Interior points correspond to mixed states.

Ground and excited state of the two-level system correspond to the north and the south
pole of the sphere, respectively. Superposition states lie in the equatorial plane. Coherent
manipulations of the two-level system are described by the Pauli matrices (σx, σy, σz) [23, 25]
and correspond to rotations of the Bloch vector around the corresponding coordinate axis. A
laser pulse with Ωt = π is called π pulse and rotates the Bloch vector by 180° and therefore
inverts the population of ground and excited state. Decoherence of the quantum state can be
seen as a decay of the Bloch vector along the z-axis towards the ground state. More detailed
information can be found in numerous textbooks and theses [23,25,28–30].
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Chapter 2. Ion trapping fundamentals & theoretical framework

2.3.7 Ramsey experiment

So far the interaction of an atom with a contineous laser field was considered. In practice, the
interaction time between the laser field and the atom is limited to a duration τ . For a set of
different frequency detunings of the laser field from the atomic resonance, an excitation profile
can be observed which corresponds to the Fourier transform of the excitation pulse [25]. This
is known as Rabi spectroscopy. The spectral line width is limited by the interaction time τ .
Ramsey‘s method of separate oscillatory fields [5] is an alternative method to interrogate an

atomic transition. Contrary to simple Rabi spectroscopy the interrogation consists of two laser
pulses, separated by a waiting time τR. Starting in the electronic ground state |0〉, a resonant
π/2 - pulse on the transition creates the superposition state |ψ〉 = 1√

2(|↓〉 + |↑〉). During
the waiting time τR the state vector evolves freely |ψ〉 = 1√

2(|↓〉 + ie−iω0τR |↑〉) at the optical
frequency (ω0/2π ≈ 1015 Hz), that corresponds to the energy separation of both involved
atomic states. It is useful to change into a co-rotating frame in order to see the influence
of the second pulse. The state vector now becomes |ψ′〉 = 1√

2(|↓〉 + ie−i(ωl−ω0)τR |↑〉), which
remains unchanged for a resonant laser field. Depending on its optical phase with respect to
the first pulse, the second π/2 - pulse rotates the Bloch vector either up to the excited state
|1〉 for 4ϕ = 0° or back to the ground state |1〉 for 4ϕ = 180°. A detuning of the laser from
the atomic resonance causes the Bloch vector to rotate around the z axis by φ = (ωl − ω0)τR,
which gets mapped onto the observable σz by the second π/2 pulse. Precise knowledge of τR
allows one to infer the detuning of the laser from the transition. This calculation is valid, if the
duration of the π/2 - pulses is negligibly short compared to τR, otherwise an effective Ramsey
time has to be considered. If the experiment is repeated for different laser detunings, a fringe
pattern is observed (Ramsey pattern [5]). The spectral width of the fringes scales as 1/τR in
frequency. If the spectral resolution is limited by the finite interaction time between the laser
and the ion, this method outperforms Rabi spectroscopy by roughly a factor of two in terms
of frequency resolution [31].
If more than one ion is interrogated simultaneously, their transition frequencies can be

slightly different due to external perturbations (see section 6.2). As already mentioned, dis-
sipation and decoherence are always present in real quantum systems which are the limiting
factors for the lifetime of the atom‘s quantum state (coherence time) [25]. Therefore the fre-
quency resolution limit of the Ramsey experiment described above is set by the single ion
coherence time which makes it hard to resolve transition frequency differences on the Hz scale
or below. From Ramsey experiments with Ramsey times well beyond the single ion coher-
ence time no useful information can be directly obtained from the excited state populations,
but there are still correlations between the ions, which are known as quantum discord [32].
These correlations can be observed in the time evolution of the parity signal between two ions.
The parity signal P is the product of the Pauli σz operators obtained by the excited state
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2.3. Interaction of trapped ions with lasers

populations pj .

P =
n∑
j=0

(−1)jpj (2.49)

The parity rescales the co- or anti-aligned z-components of the Bloch vectors to the interval
[−1, 1]. Time-dependent oscillations in the parity signal represent a relative transition fre-
quency difference between the ions. More information about this method can be found in
section 6.2.
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3 Level structure and radiative transitions in
40Ca+ and 27Al+ ions

This chapter describes the relevant energy levels of 40Ca+ and 27Al+ and the radiative tran-
sitions between them. The calcium ion has been used for a long time and its properties are
described in detail in various theses [19,29,33–35]. However, for 27Al+, there is no thesis con-
taining a summary of its relevant properties. The available information is spread over various
publications and theses. In terms of completeness a summary of the most important facts
on 40Ca+ is presented. Since this thesis is the first that reports on 27Al+ in this group, a
detailed description of the level structure and the relevant radiative transitions between them
is presented. Furthermore a condensed version of a theoretical calculation of the decay rates
of both relevant optical transitions according to [36] is given.

3.1 Level structure and radiative transitions of 40Ca+

Singly charged Ca+ has a single electron in the 4s shell. Therefore, its electronic structure is
similar to hydrogen. A detailed level diagram of its lowest energy levels is presented in figure
3.1. The next orbital higher in energy than the ground state is the metastable 3d state that
consists of two fine structure components, the D3/2 and D5/2 states with lifetimes of ∼ 1.2 s
and 1.149(4) s [37] respectively. They are linked to the ground state via an electric quadrupole
transitions. The S1/2 ↔ D5/2 transition is of interest as a frequency standard at a transition
frequency of 411 042 129 776 393.2(1.0) Hz [38], which was measured by our group. There are
three other absolute frequency measurements of this transition where one value agrees with the
value above [39], while the other two are about 5 Hz [40] and 8 Hz [41] higher in frequency. The
g-factors of ground and excited states are gS1/2 = 2.002 256 64(9) [42] and gD5/2 = 1.200 3340(3)
[38]. For the purpose of quantum computation and quantum simulation [28–30,32,33] a qubit
/ pseudo-spin can be encoded in the S1/2 and D5/2 Zeeman sub-states in a non-zero magnetic
field. The frequency deviations from the line center of the ten possible transitions within the
Zeeman manifolds can be calculated from the linear Zeeman effect

4νS↔D = µB
h

(
gD5/2 ·mf − gS1/2 ·mi

)
·B (3.1)
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3.1. Level structure and radiative transitions of 40Ca+

where µB is the Bohr magneton, mi and mf are the magnetic quantum numbers of initial and
final state and B is the amplitude of the magnetic field defining the quantization axis1.
Again higher in energy is the short lived P orbital that consists of two fine structure com-

ponents, the P1/2 and P3/2 state. Both levels are connected to the ground state and the D
states via strong dipole transitions.

729nm

2D5/2
mj=5/2

τ=1,15s

2S1/2

2D3/2

2P3/2

2P1/2

τ=1,2s

τ=7,1ns

τ=6,9ns

732nm

854nm

866nm
397nm

393nm

mj=1/2

850nm

Figure 3.1: Detailed level diagram showing all relevant orbitals including the Zeeman sub-
levels of 40Ca+. Laser light at 397 nm is used for Doppler-cooling, state detection and optical
pumping. The S-D electric quadrupole transition is driven by an ultra-stable laser at 729 nm.
Since the P levels can decay to the D states, repumping lasers at 854 nm and 866 nm are
required.

The S1/2 ↔ P1/2 transition is used for Doppler-cooling and state detection. Because of
a probability of 6.435(7) % [43] to decay to the D3/2 state, a laser at 866 nm is used for
repumping. For the purpose of repumping from the D5/2 states after each experiment as well
as for quenching while sideband-cooling [44,45] a laser at 854 nm is used. A detailed overview
of natural abundances of calcium isotopes, branching ratios of the transitions in figure 3.1 and
transition wavelengths can be found in [29] and references therein.

3.1.1 Dipole transitions

The Rabi frequency Ω of an electric dipole transition is related to the dipole matrix element

Ω = 1
~
〈S| ~d · ~E |P 〉 (3.2)

1µB/h ≈ 1.3996385 MHz/G
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Chapter 3. Level structure and radiative transitions in 40Ca+ and 27Al+ ions

with the maximum electric field amplitude ~E at the position of the ion and the electric dipole
moment ~d = e · ~r. The decay rate of the excited state is given by

Γ = ω3| 〈S| ~d · ~Evac |P 〉 |2

3πε0~c3 (3.3)

where ~Evac is the vacuum electric field amplitude at the position of the ion, ε0 is the vacuum
permittivity and c the speed of light.

3.1.2 Quadrupole transitions

Electric quadrupole transitions like the S1/2 ↔ D5/2 transition in 40Ca+ are orders of magni-
tude weaker than the dipole transitions mentioned above. The excited state lifetime of 1.149
s and the corresponding natural linewidth of 2π · 139 mHz allows for encoding a qubit or a
pseudo spin for the purpose of quantum computation and quantum simulation [28–30,32,33].
In addition, it can be used as an optical frequency standard [38–40]. The Hamiltonian
H = ∇E(2)(t)Θ(2) [46] describing the transition consists of the tensor for the gradient of
the electric part of the laser radiation ∇E(t) and the induced quadrupole moment tensor
Θ(2). The resulting Rabi-frequency of this transition is given by [19,20]

Ω =
∣∣∣∣eE0

2~ 〈S,mS | (ε · r) (k · r) |D,mD〉
∣∣∣∣ (3.4)

where r is the electrons position operator with respect to the center of mass, k indicates the
light propagation direction and ε is the polarization vector of the light field. The decay rate
of the excited state is given by

Γ = cαk5

90
∣∣∣〈S1/2

∣∣∣ |r2C(2)|
∣∣∣D5/2

〉∣∣∣2 (3.5)

with
〈

S1/2
∣∣∣ |r2C(2)|

∣∣∣D5/2
〉

being the reduced matrix element [20]. For different transitions
within the Zeeman manifold the matrix element 〈S,mS | (ε · r) (k · r) |D,mD〉 in (3.4) can be
replaced by the reduced matrix element and the Clebsch-Gordan coefficients ΛJ,J ′ (m,m′).
To account for a specific geometry the equation describing the Rabi frequency needs to be
multiplied by a factor g(∆m) (ϕ, ϑ) [19,20,35] with ϑ being the angle between the polarization
and the projection of the magnetic field onto the incident plane, while ϕ is the angle between
the magnetic field and k. Thus the Rabi frequency can be rewritten as

Ω = ε

2~

√
15
cα
E0

√
Γ
k3 ΛJ,J ′

(
m,m′

)
g(∆m) (ϕ, ϑ) (3.6)

with the fine structure constant α. A detailed treatment of the geometrical factor can be
found in [19]. The selection rules ∆m = 0, ±1, ±2 for electric quadrupole transitions allow for
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3.1. Level structure and radiative transitions of 40Ca+

five different transitions starting in a particular Zeeman level of the S1/2 ground state. The
corresponding Clebsch-Gordan coefficients are listed in table 3.1.

m′ −3
2 −1

2
1
2

3
2

5
2

Λ(1/2,m′)
√

1
5

√
2
5

√
3
5

√
4
5 1

Table 3.1: Clebsch-Gordan coefficients Λ(m,m′) for S1/2, mj = 1/2 ↔ D5/2, m
′ transitions.

In the case of starting in S1/2, mj = −1/2 the sign of the target states m′ is inverted.
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3.2 Level structure and radiative transitions of 27Al+

27Al is the only stable aluminium isotope. With two valence electrons in the 3s shell, the
electronic structure of 27Al+ is similar to Helium. It has a nuclear spin of I = 5/2 and
therefore shows hyperfine structure. A detailed overview of the level structure is presented in
figure 3.2. The magnetic dipole moment of the nucleus is 3.6415069(7) µN [47] (µN = e~

2mp
)

and its electric quadrupole moment is 0.1466(10) · 10−28 em2 [47]. The next orbital above the
ground state is the 3p level, which consists of three fine-structure components. The lowest one
is the 3P0 state with a natural lifetime of 20.6(1.4) s [48] which results in a natural linewidth
of 2π ·7.6 mHz. It is linked to the ground state via a hyperfine-induced [36] transition at 267.4
nm. This transition is doubly forbidden with respect to dipole transition selection rules since
the spin state changes and the angular momentum state does not. Because of its low sensitivity
to magnetic field fluctuations, electric field gradients [49,50] and black body radiation [51], it
is well suited for an optical frequency standard. The exact transition frequency was measured
to be 1 121 015 393 207 857.4(7) Hz [52] and the g-factors are g1S0 = −0.00079248(14) and
g3P0 = −0.00197686(21) [48].

3P0

3P1

3P2

1S0

1P1

HPF 267.4nm

IC 267.0 nm

M2 266.1 nm

167.1nm

3P1

3P0

1S0

F=7/2

5/2

5/2

mf=7/2

τ=20.6s

τ=305µs
F=5/2

F=3/2

Figure 3.2: Left: Overview of the energy levels of 27Al+ and transitions indicated by colored
arrows. See main text for further information. Right: Detailed level diagram of the relevant
orbitals and their Zeeman sub-levels. An ultra-stable laser at 267.0 nm is used to drive the
intercombination transition for optical pumping to the stretched Zeeman states and for quantum
logic state mapping. Another ultra-stable laser at 267.4 nm is used to drive the hyperfine-
induced clock transition.

This results in a relatively small sensitivity with respect to the magnetic field of only a
few kHz/G. The line center shifts because of the quadratic Zeeman shift by −0.71988(48)
Hz/G2 [48]. A detailed discussion of systematic frequency shifts of a single aluminium ion
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clock can be found in [14, 48]. The 3P1 level can be reached from the ground state via a spin
forbidden intercombination [36] transition at 267.0 nm. The upper state lifetime is 305 µs [53]
and the corresponding natural linewidth is 2π · 520 Hz. It can be used for optical pumping
and state mapping but is not strong enough for efficient Doppler-cooling. Again higher in
energy is the 3P2 state that can be reached from the ground state via a magnetic quadrupole
transition at 266.1 nm [54]. The natural lifetime of the 3P2 state is about 5 min [54]. The
strong 1S0 ↔ 1P1 dipole transition at 167.1 nm [54] lies in the vacuum ultraviolet (VUV)
range. Even though current laser technology makes excitation of this transition possible, its
spectral width of 2π·224 MHz [54] prevents efficient Doppler-cooling to the Lamb-Dicke regime.
Nevertheless it could be used for fluorescence detection, but has the disadvantage that the light
source and the detection unit need to be in vacuum because of the low transmissivity of air
at this wavelength. In contrast to the case of 40Ca+ there is no strong transition that can be
used for repumping from the long lived states.
Since both transitions used in this work behave like dipole transitions, the corresponding

Rabi frequencies can be estimated by using the expression for dipole transitions with a lower
decay rate. Calculations of the level energies and decay rates for the 3P0 and 3P1 states are
quite sophisticated. Nevertheless a short guideline of the mathematical treatment according
to [36] is given. Since this is only a brief summary, showing the main results of an extensive
theory the reader is referred to [55–58] where a detailed treatment of the problem is presented.
The mathematical approach is the same for both transitions. The P states are not considered

to be pure electronic states anymore but are constructed as mixed electronic states with mixing
coefficients ci, i.e.

|”γJIF”〉 =
∑
i

ci |γiJiIF 〉 (3.7)

with quantum numbers for the nuclear spin I and the total angular momentum F = J + I.
The notation ”γJIF” represents the dominant part of the eigen-vectors that construct the
state. γ represents the mean quantum numbers to fully specify the state. Thus the state
”γJIF” contains admixtures from other states γiJiIF and their properties like a finite tran-
sition probability to the ground state. The coupling mechanisms that introduce the mixing of
the wave-functions can have different origins like relativistic interaction or hyperfine interac-
tion. The cases of the intercombination line 1S0 ↔ 3P1 and the hyperfine induced transition
1S0 ↔ 3P0 will be considered in the following.

3.2.1 The 1S0↔ 3P1 intercombination line

The intercombination transition in 27Al+ is spin-forbidden with respect to dipole transition
selection rules (∆S = 0). It‘s finite probability to decay to the ground state via a single photon
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Chapter 3. Level structure and radiative transitions in 40Ca+ and 27Al+ ions

process is induced by relativistic interaction between 1P1 and 3P1 states which is described
by the Breit-Pauli Hamiltonian [36, 55, 58]. Since the Breit-Pauli Hamiltonian ist extremely
complex, the reader is referred to the corresponding references for more detailed information.
A first order expression of the transition moment S1/2(3s3p 3P1 → ns2 1S0), which is de-

fined as the square root of the line strength S, is expressed by the dipole matrix element〈
3s3p 3P1

∣∣ |D(1)|
∣∣3s2 1S0

〉
[36]

S1/2(3s3p 3P1 → ns2 1S0) =
〈

3s3p 3P1
∣∣∣ |D(1)|

∣∣∣3s2 1S0
〉

∝ 4EFS
4Eterm

〈
3s3p 1P1

∣∣∣ |D(1)|
∣∣∣3s2 1S0

〉
(3.8)

where D(1) = d ·E is the electric dipole operator [55,58], 4EFS is the fine-structure splitting
between 3P1 and 3P0 levels and 4Eterm is the energy separation of the 1P −3 P terms. The
decay rate can be calculated from the transition moment [36] to

Γ(3s3p 3P1 → ns2 1S0) = e2a2
0ω

3

9πε0~c3

∣∣∣S1/2(3s3p 3P1 → 3s2 1S0)
∣∣∣2 . (3.9)

The intercombination transition is induced by the strong 1S0 ↔ 1P1 dipole transition. Con-
sequently, possible transitions between the Zeeman manfifolds of ground and excited state
are subject to selection rules for electric dipole transitions (∆mf = 0,±1). The transition
manifold is depicted in figure 3.3.

1S0,mf
5/2

-1/2

3P1,F=7/2,mf

7/2

3/2
1/2

-3/2
-5/2

-7/2

5/2

3/21/2-1/2-3/2-5/2

π
σ-

Figure 3.3: A finite magnetic field lifts the degeneracy of the 1S0 and 3P1, F = 7/2 Zeeman
states. Consequently six π (∆mf = 0) and twelve σ (∆mf = ±1) transitions are possible.

Clebsch-Gordan coefficients for specific transitions within the Zeeman manifolds are listed
in tables 3.2 and 3.3.
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Table 3.2: Clebsch-Gordan coefficients for 4m = +1 transitions. For the case of 4m = −1
the sign of initial and final mf states have to be flipped.
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3
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√
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√
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√
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Table 3.3: Clebsch-Gordan coefficients for 4m = 0 transitions.

3.2.2 The hyperfine induced 1S0↔ 3P0 clock transition

Single photon transitions between pure electronic states J = 0 ↔ J´=0 are strictly forbid-
den by any electric/magnetic multipole order [14]. In ions or atoms with nonzero nuclear spin
hyperfine (HFS) interaction introduces a mixing between wave-functions with different J quan-
tum numbers with mixing coefficients ci. The corresponding hyperfine Hamiltonian is given by
Hhfs = −ecα ·A(r) + eφ(r), with the Dirac matrix α, the magnetic vector potential A(r) =
µ0
4π

(µ×r)
r3 and the nuclear quadrupole moment tensor φ(r) = 1

4πε0
∑
ij

xixj

2r5
∫
d3r(3xixj−r2δij)ρ(r).

Since the hyperfine hamiltonian is quite complex, it is useful to express it in a multipole ex-
pansion Hhfs = HM1

hfs + HE2
hfs + ... [36].

As the clock transition is induced by interactions with J = 1 levels [36], only the first part of
the expansion is of interest. It represents the interaction between the nuclear magnetic dipole
moment and the electronic field at the nucleus. Consequently, the excited mixed state can be
written as [36]

∣∣∣”3s3p 3P0”
〉

=
∣∣∣3s3p 3P0

〉
+
∑
i

ci |γiJi = 1〉 . (3.10)

Thus the state ”3s3p 3P0” contains admixtures from other states γiJi = 1 and their properties
like a finite transition probability to the ground state. In view of the weakness of the hyperfine
interaction compared to the relativistic interaction inducing the intercombination transition,
the radiative decay rates are expected to be significantly lower

(
O(c2

i ) ≈ 106) than the one
from the associated intercombination line (see above). The size of the mixing coefficients is
given by [36]

ci ≈
〈γiJi = 1|HM1

hfs

∣∣3s3p 3P0
〉

E(3s3p 3P0)− E(γiJi = 1) (3.11)

where HM1
hfs is the magnetic dipole part of the hyperfine operator [55, 58]. Decoupling the
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Chapter 3. Level structure and radiative transitions in 40Ca+ and 27Al+ ions

nuclear and electronic part of HM1
hfs = T(1) ·M(1) by using the spherical electronic and nu-

clear tensor operators T(1) and M(1) [55,58], respectively followed by a lengthy mathematical
transformation yields [36]

ci ≈
µI(1 + I−1)1/2

√
3

〈γiJi = 1| |T(1)|
∣∣3s3p 3P0

〉
E(3s3p 3P0)− E(γiJi = 1) (3.12)

where µI is the nuclear magnetic moment and I the nuclear spin. This is the final result for
the mixing coefficient to first order in the presence of hyperfine interaction. For the calculation
of the transition rate only the electric dipole contribution needs to be considered [36] since
the decay rate of the 1S0 ↔ 3P2 magnetic quadrupole transition is at least 4-5 orders of
magnitude lower than the decay rate of the intercombination line. The decay rate of the 3P0

state is given by

Γ(3s3p 3P0 → 3s2 1S0) = e2a2
0ω

3

9πε0~c3

(∑
i

ci 〈γiJi = 1| |D(1)| | 3s2 1S0〉
)2

(3.13)

with the electric dipole operator D(1). Inserting the mixing coefficients leads to the final
expression for the decay rate of the 3P0 level [36].

Γ(3s3p 3P0 → 3s2 1S0) ≈

µ2
I(1 + I−1) e2a2

0ω
3

27πε0~c3

∣∣∣∣∣∑
i

〈γiJi = 1| |T(1)|
∣∣3s3p 3P0

〉
E(3s3p 3P0)− E(γiJi = 1) 〈γiJi = 1| |D(1)| | 3s2 1S0〉

∣∣∣∣∣
2

. (3.14)

The transition is induced by the 1S0 ↔ 3P1 intercombination transition which is represented
as the reduced matrix element of the electric dipole operator D(1). This is weighted by the
ratio of the rduced matrix element of the hyperfine T(1) operator and the energy separation
of the atomic levels involved. The complete nuclear contribution to the decay rate is governed
by the term µ2

I(1 + I−1).
Possible transitions according to the selection rules for dipole transitions between the Zeeman

manfifolds of ground and excited state are depicted in figure 3.4. Clebsch-Gordan coefficients
for the transition manifold are listed in tables 3.4 and 3.5.
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3.2. Level structure and radiative transitions of 27Al+
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5/23/21/2-1/2-3/2-5/2

3P0,mf 5/23/21/2-1/2-3/2-5/2

σ+ σ-

π

Figure 3.4: The degeneracy of the 1S0 and 3P0 Zeeman states is lifted by a finite magnetic
field. Consequently six π - and ten σ - transitions can be driven.
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Table 3.4: Clebsch-Gordan coefficients for 4m = 0 transitions.
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√
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Table 3.5: Clebsch-Gordan coefficients for 4m = +1 transitions. For the case of 4m = −1
flip the sign of initial and final mf states.

3.2.3 Nuclear spin flips

Transitions between the hyperfine ground state levels can be induced by an AC magnetic field
perpendicular to the quantization axis, that couples to the magnetic dipole moment of the
nucleus. The coupling strength is given by:

Ω =
∣∣∣∣ 1
2~
〈

1S0, mF

∣∣∣⇀µI · ⇀B ∣∣∣1S0, mF ‘
〉∣∣∣∣ (3.15)

where ⇀
µI is the nuclear magnetic moment and

⇀
B the AC magnetic field. The transition

wavelength is on the order of 100 km for laboratory conditions and the resulting Lamb-Dicke
parameter is on the order of 10−12. Consequently only carrier transitions can be driven.
Nuclear transitions within the Zeeman manifold of the electronic ground state are depicted in
figure 3.5. The Clebsch-Gordan coefficients for transitions between the six ground state levels
of 27Al+ are listed in table 3.6.
These nuclear spin flips can be used to characterize the efficiency of optically pumping

(see section 5.2) the aluminium ion to the outermost Zeeman states (stretched states). At a
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Chapter 3. Level structure and radiative transitions in 40Ca+ and 27Al+ ions

finite magnetic field the degeneracy of the six ground state levels is lifted. This results in six
equidistantly spaced energy levels with Zeeman splittings of ~ 1.1 kHz/G. The same approach
can be used to drive transitions between the two ground state levels of 40Ca+. In this case,
the magnetic field couples to the spin of the valence electron [35].

1S0,mf

5/23/21/2-1/2-3/2-5/2

Figure 3.5: Zeeman structure of the 1S0 ground state of 27Al+ in a finite magnetic field. Six
equally spaced Zeeman levels emerge due to a nuclear spin of I = 5/2 which can be coupled by
an AC magnetic field.
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Table 3.6: Clebsch-Gordan coefficients for 4m = ±1 transitions.
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4 Experimental setup

The main part of the experiments presented in this work was carried out in a newly set
up laboratory (lab 2) located at the Institute of Quantum Optics and Quantum information
(IQOQI) in Innsbruck. It hosts a new vacuum chamber including the ion trap, designed for the
purposes of a semi-portable optical frequency standard and all required laser systems. The ion
trap and most of the lasers were set up on a non-magnetic optical table and on breadboards
mounted below the table. The high-finesse resonators for all three stable light sources are
located in the basement of the building and are linked to the lasers via optical fibers.

4.1 Ion trap setup

For the new setup a modified version of the standard Innsbruck blade-shaped linear Paul
trap [29, 33] was designed. A sectional view of the vacuum chamber, which contains the ion
trap, and the optical beam paths is presented in figure 4.1.

PMT / EMCCDside view top view

B-field

N

S

EW

729 nm

423, 394, 
375 & 
397 nm

397, 866 
& 854 nm

267.4 nm

267.0 & 
729 nm

Figure 4.1: Sectional view of the octagon showing optical access and the imaging path. The
coils that provide the quantization magnetic field along the trap axis are indicated in orange.
Laser beams are presented as colored arrows. The compass indicates the orientation of the
chamber in the laboratory.

A technical drawing, which shows the trap electrodes, the isolating parts and the compensa-
tion electrodes is presented in figure 4.2. In figure 4.7 a more detailed drawing of the chamber
is presented, which also shows the parts attached to the vacuum chamber like the helical res-
onator, magnetic field coils, the vacuum pumps and so on. The vacuum chamber is mounted
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Chapter 4. Experimental setup

to an optical breadboard which rests on electrically isolated posts, that are mounted to the
optical table.

To optimize the new trap setup for the operation as a frequency standard, the main focus
was to keep the influence of external perturbations and the corresponding systematic frequency
shifts as small as possible. A crucial point is the stability of the magnetic field, which is
improved by a magnetic shielding enclosure. In view of the AC-Stark shift caused by black-
body-radiation, the trap temperature should be kept low, which required a different choice of
materials compared to other traps in our group. With regard to portability, the compactness
of the vacuum chamber played a role. During this work two nearly identical ion trap setups
were built.

4.1.1 Linear Paul trap

The new linear Paul trap consists of four blade-shaped electrodes that are symmetrically
aligned within the radial plane. Pairs of opposite blades are kept on the same potential, with
one pair connected to RF and the other pair grounded or kept on a low DC voltage (1.5V
battery) to break the symmetry of the resulting trap potential. This creates the pseudopoten-
tial in the radial direction. To confine the ions along the axis, two endcap electrodes are held
at a positive voltage. To allow for the compensation of stray fields two stainless steel pairs of
electrodes parallel to the trap axis are attached. The radial electrode to ion distance is about
555 µm, the endcap separation is 4.5 mm. The radius of curvature at the end of the blades
is 135 µm. Holes in the endcaps with a diameter of 0.5 mm provide optical access along the
trap axis.
Former traps which were made of stainless steel and Macor reached temperatures up to 150

°C during their operation [34]. This is a drawback for optical frequency standards because
of the increased AC Stark shift caused by black-body radiation at elevated temperatures. To
reduce the heating of the new trap significantly, different materials were chosen. In the new
setup sapphire is used as the electrically isolating part (see figure 4.2). Its heat conductivity
of about 24 W/mK is a factor of ~ 17 higher1 and its RF loss tangent of about 5 · 10−5

an order of magnitude smaller2 compared to Macor. In order to directly measure the trap
temperature a resistor3 was attached to the sapphire. Figure 4.3 diplays the dependance of
the trap temperature on the RF power that is sent into the helical resonator. To match the
thermal expansion coefficient of sapphire, gold-plated titanium electrodes were used. Since
titanium has a native oxide on its surface, which reduces electrical conductivity especially
in the radio frequency domain, the titanium was coated with a 10 µm thick layer of gold by

1Comparison of mean values found on websites of different manufacturers in the World Wide Web
2Comparison of mean values found on websites of different manufacturers in the World Wide Web
3Allectra PT 100-C2

30



4.1. Ion trap setup

electroplating4. Consequently less electrical power gets dissipated in the trap electrodes, which
reduces the trap temperature and makes it insensitive against RF power changes. Furthermore,
low power consumption5 is for instance important for satellite applications.

A A

B

B

Sec�on A-A Sec�on B-B

Blade

Endcap

Compensa�on

electrode

R=135µm

Figure 4.2: Drawing of the linear Paul trap. Intersections are shaded. The golden electrodes
in the center create the trapping field. The electrodes are held by three surrounding sapphire
parts (light grey). The four steel rods off axis are the compensation electrodes. The trap is
held in place by a titanium support with a solid state spring which is not shown. Screws and
electrical connections are also not shown.

A second advantage is the higher work function of (polycrystalline) gold of 5.1 eV [59]
compared to stainless steel (4.4 eV [59]). These values correspond to photon energies of
radiation at 243 nm and 282 nm respectively. This will reduce the creation of photo-electrons
during illumination with 267 nm light as long as no other contaminants are on the electrode
surfaces. The size and shape of the electrodes (see figure 4.2) is almost identical with the
trap described in [29]. Electrostatic finite element simulations6 of the trapping potential were
carried out. The static potential of the new trap along the trap axis for a voltage of 1 V
applied to both endcap electrodes is presented in figure 4.4. The contribution of the the
quartic term to the potential at the trap center (±100 µm) is well below 1 %. The calculated
trapping frequency for a single 40Ca+ ion for an endcap voltage of U0 = 400 V is 727 kHz. The

4Electroplated by Michael Niedermayer and Kirill Lakhmanskiy at the University of Innsbruck
5Compared to the setup described in [29] only a quarter of the electrical power is needed to achieve the

same confinement.
6Comsol Multiphysics 4

31



Chapter 4. Experimental setup

experimentally observed value is 819 kHz. The mismatch is most likely due to an asymmetry
of the trap with respect to the radial plane. All four blades were shifted by a few ten µm
towards one endcap during the assembling.
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Figure 4.3: Equilibrium trap temperature depending on the RF power sent into the helical res-
onator. The resistance was measured with the 4-point method. Since the trap RF disturbed
the measurement, the displayed values represent the temperature directly after switching off
the RF. Since the trap already started to cool down, conservative error bars are given. The
temperature increases linearly by 1.4 K/W. The room temperature in the lab is 22 °C. Dur-
ing experiments with the mixed ion crystal, the trap is operated at 1 W which increases its
equilibrium temperature by 1.4 degrees.

The pseudopotential in the radial plane, which is displayed in figure 4.5, is derived from
the simulated static potentials in a second step. The radial oscillation frequency for a single
calcium ion at a RF voltage of V0 = 1000 V is 3.2 MHz. Since there is no direct way to
measure the voltage on the radial blades in this setup, there are no experimental values to
compare to. For more information the reader is referred to [29]. There, a voltage divider on
the helical resonator was used to estimate the blade voltage and consequently a comparison
between theoretical and experimental results was possible. A setup for a stabilization of the
RF voltage on the blade electrodes can be found in [32].
To avoid thermal stress during the bake-out, the trap holder with a solid-state spring (see

figure 4.7) at one side was also made of titanium. Two targets, one of pure aluminium and
one of an alloy7 (30% Ca, 70% Al) were attached 26 mm above the trap for laser ablation.

7Konik industries
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Figure 4.4: Finite element simulation of the axial trapping confinement for a voltage of +1 V
on both endcaps. The resulting potential is displayed by the blue curve in the main plot. The
inset plot shows the potential at the trap center (±100 µm) and a fourth degree polynomial fit
(red line). The orange line in the main plot represents the harmonic part of the potential. The
anharmonicities at the trap center are well below 1 %.
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Figure 4.5: Pseudopotential for a 40Ca+ion at a trap drive frequency of 32 MHz and V0 = 1000
V inferred from electrostatic FEM simulations. The blade electrodes are aligned along the x
and y axis.
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An important property of ion traps is the heating rate. It determines the rate at which a
cold trapped ion gains kinetic energy. The first trap that was built during this work has a
axial heating rate of 1.3(2) phonons per second at an axial confinement of 1 MHz. The second
trap, which was used during the measurements presented in this work, has a heating rate of
37(2) phonons per second at the same axial confinement. The heating rate measurements are
shown in figure 4.6. The reasons for the difference in the heating rate of the two traps are
unknown. Different surface contamination due to a different treatment during the gold plating
process could be responsible.
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Figure 4.6: Axial heating rates of both traps at an axial confinement of 1 MHz. Trap 1 shows
a heating rate of 1.3(2) phonons per second. The heating rate of trap 2 of 37(2) phonons
per second is more than an order of magnitude higher. The heating rate was determined by
comparing excitation of red and blue sideband for a given waiting time after ground state
cooling.

4.1.2 Vacuum vessel

The main part of the ultra high vacuum (UHV) chamber containing the trap (see figure 4.7) is
a stainless steel spherical octagon8. It has two big 100 mm and eight smaller 40 mm confocal
flanges (CF). The mechanical connection between the trap holder and the octagon is done with
a groove grabber9. Both CF100 and four of the CF40 flanges are equipped with fused silica
viewports10,11 with an anti-reflective coating12 for 267 nm, 397 nm and 729 nm to avoid losses
and reflections inside the chamber. The reflectivity depending on the wavelength is presented
in figure 4.8.

8Kimball physics MCF600-SphOct-F2C8
9Kimball physics MCF275-GrvGrb-CYL1000

10VACOM VPCF40DUVQ-L-NM
11VACOM VPCF100DUVQ-L-NM
12Tafelmaier X/UIMCS6
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Figure 4.7: Drawing of the UHV chamber containing the trap. Electrical feedthroughs are
attached at the top and bottom for the helical resonator providing the high voltage RF and the
stable DC voltages respectively. To the bottom right and the top left two pumps are connected
as well as a valve. Three coil pairs orthogonal to each other allow one to apply a quantization
magnetic field and to compensate for magnetic stray fields perpendicular to the quantization
axis. The remaining flanges have fused silica viewports with anti-reflective coatings.

Top and bottom flanges are used for RF13 and DC14 feedthroughs. All electrical connec-
tions inside the vacuum are done with oxygen free high conductivity copper (OFHC) wires,
electrically isolated with aluminium oxide ceramic beads. The RF source for the trap drive
is a frequency generator15 at 32.3 MHz, whose output is amplified16 to 1-2 W and coupled
into the quarter wave helical resonator which amplifies the voltage by a factor of ∼ 60. The
coupling is done via a sliding contact that is attached to a threaded teflon bar, that is screwed
into the resonator coil. This has the advantage over the usual clip contact, that the impedance
matching can be done while the grounding shield is closed. A reflectometer17 between ampli-

13VACOM CF40-HV25S-2-CE-CU64
14VACOM W-HV6-4-CE-CU13
15Rohde & Schwarz SML01
16Minicircuits LZY-22+
17Rohde & Schwarz power reflection meter NRT
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fier and helical resonator shows the reflected power and therefore allows one to adjust the RF
frequency to the resonance. The DC voltages for the endcap and compensation electrodes are
provided from a stable high voltage source18 (∆V/V ≈ 10−5). Low pass filters with a cut-off
frequency of 4 Hz directly at the feedthroughs suppress noise that is picked up on the cables.
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Figure 4.8: Reflectivity of viewport coatings at 0° angle of incidence depending on the wave-
length. The reflectivities for the spectroscopy laser wavelengths around 267 nm and 729 nm as
well as the Doppler cooling laser at 397 nm are well below 1 %.

An ION/NEG pump19 is attached to the CF40 tee-piece at the top west viewport as well as
an all-metal angle valve. The remaining bottom east flange is used for a NEG pump20, that is
next to the trap. Before assembling the setup the in-vacuum steel parts and the gold-plated
electrodes were air baked at 350 °C for one day. This passivates the steel surfaces by creation of
an oxide layer and therefore reduces outgassing of hydrogen. After that all parts were carefully
cleaned with acetone (except copper), isopropanol and methanol in an ultrasonic bath. After
assembling the chamber it was baked for 1 week at 180 °C. Next, the NEGs were activated
and the valve was closed. Finally the pressure settled down to 10−11 mbar. The pressure is
measured with the ion pump current ~ 1 nA. A single ion collision rate of ≈ 0.3/min with
the background gas was observed by analyzing the fluorescence counts while Doppler-cooling.
This indicates, that the pressure at the trap is about 5 · 10−11 mbar.
Three big and one small coil pair (see figure 4.7) provide the quantization axis and the

compensation magnetic field. The three big pairs are designed to create a field of 5 G at the

18ISEG EHS8020x-K2
19SAES NEXTorr D 100-5
20SAES Capacitorr D 100
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4.1. Ion trap setup

ion‘s position at a current of 1 A. Due to practical reasons none of the coil pairs fulfills the
Helmholtz criteria. The coils attached to the big viewports have 100 turns, the other ones
have 220. An additional small pair of coils (see figure 4.1) in anti-parallel configuration along
the trap axis allows one to compensate for a magnetic field gradient along an ion string. The
current which is sent through the quantization coils is stabilized by a home-built PID regulator
that contains a reference resistor21.

4.1.3 Magnetic field shielding

Fluctuating magnetic fields in the lab shift atomic energy levels and therefore affect coherent
qubit operations as well as the stability of an optical atomic clock. In order to improve the
magnetic field stability at the ion‘s position the vacuum chamber is enclosed in a magnetic
shield22. It consists of a welded aluminium case lined with a double layer of a magnetic nickel-
iron alloy23. The box has a big front door and two smaller inspection doors on the sides
that are usually closed. Several small holes in the back provide access for optical fibers and
electrical cables. Four holes in the base serve to attach the trap setup directly to the optical
table via electrically isolating posts.

. .

Figure 4.9: AC magnetic field attenuation in the center of the chamber measured by the man-
ufacterer. Magnetic fields with frequencies below 1 Hz are attenuated by 35 dB. At a frequency
of 50 Hz, which is the strongest component in the lab, an attenuation of more than 65 dB is
obtained.

21Vishay VCS 302
22IMEDCO AG
23Magnifer by ThyssenKrupp
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AC magnetic fields with frequencies ranging from 10 mHz to 1Hz are attenuated in the center
of the box by 35 dB. For frequencies beyond 1Hz the screening effect increases linearly, reaching
65 dB at 50 Hz. The shielding effectiveness of the enclosure depending on the AC magnetic
field frequency along all three directions is presented in figure 4.9. With this shield, magnetic
field deviations within on line cycle could be reduced from 1 mG to 40 µG peak to peak. This
was measured with Ramsey experiments that were synchronized to the AC power line and
repeated for different delays with respect to the power line phase [29]. The currently limiting
factors for the short term stability of the magnetic field of ∆B50Hz/B ≈ 10−5 are electrical
cables running into the shielding. The long term magnetic field stability was measured with
the clock script (see section 5.3) which was not synchronized to the AC power line. Therefore
the line cycle induced fluctuations are averaded out. The progression of the magnetic field
over a period of 100 minutes is shown in figure 4.10. The long term stability of the magnetic
field of ∆B/B ≈ 3 · 10−6 is limited by the temperature stability of the PID regulator which
stabilizes the current that is sent through the coils.
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Figure 4.10: Left: Magnetic field at the ion measured with a Ramsey experiment with a Ramsey
time of 3 ms. Short term fluctuations of 5-10 µG peak to peak are visible. The red line is
Fourier smoothed to highlight periodicities. The 10 µG modulation with a cycle time of ∼ 30
min is caused by the air conditioning of the lab, which modulates the temperature of the current
driver and therefore the temperature of the reference resistor inside [29]. Right: Histogram of
the magnetic field with a bin size of 2 µG. The orange line is a Gaussian fit with 10 µG FWHM.

4.1.4 Imaging system & state detection

The optical setup for imaging and fluorescence detection is identical with the one described
in [29], where a detailed description of the detection method and the detection efficiencies is
presented. In short, the discrimination between the internal S1/2 and D5/2 states in 40Ca+ is
done by electron shelving [49]. As long as the calcium ion is in the S1/2 state, illuminating
the ion with the 397 nm and 866 nm lasers will cause the ion to scatter 397 nm photons
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4.1. Ion trap setup

which are detected by a photomultiplier or a camera. The ion is detected as “bright”. In
the case of the ion being in the D5/2 state no 397 nm photons will be scattered and the
ion is detected as “dark”. Repeating the experiment n times leads to two different photon
count distributions. These distributions correspond to the two cases described above and can
be related to peaks in a histogram. The photon count distributions can be expressed by a
Poisson distribution [60]. Typically the fluorescence counts are accumulated for a duration of 5
ms after each single experiment. For experiments with up to 4 calcium ions the internal states
can be well discriminated but for longer ion strings a clear discrimination is no longer possible
because of overlapping peaks in the histogram [29]. This problem is overcome by detection of
spatially resolved fluorescence of individual ions on an EMCCD camera.
The collection of the ion‘s fluorescence is done with a custom-made objective24. The photons

are guided to a PMT25 and an EMCCD26 camera. An optical band-pass filter27 (transmission
between 381 nm and 399 nm) and a variable slit28 block stray light, entering the imaging path.
Since the camera pixel size (8 µm) and the equilibrium distance of two ions at a certain

trapping confinement (see equation 2.10) are known, the magnification factor of the objective
can be calibrated by determining the the pixel-to-pixel distance of two fluorescing 40Ca+ ions
on the EMCCD camera image. The axial oscillation frequency of the ions was determinded
by modulating the axial confinement. If the modulation hits the resonance frequency of the
center-of-mass mode, the ions oscillate around their equilibrium positions which can be seen
on the EMCCD camera. The corresponding images are shown in figure 4.11. At an oscillation
frequency of 199.1(1) kHz the calculated equilibrium distance yields 16.435(6) µm. The pixel-
to-pixel distance of the ions is 56(0.5). Consequently the imaging system covers an area of 330
µm · 330 µm at the trap center with a magnification factor of ~ 27.

a) b)

Figure 4.11: Average of 100 EMCCD camera images each of two trapped calcium ions. a)
two calcium ions resting at their equilibrium positions. b) modulation of the axial trapping
confinement at the resonance frequency of 199.1(1) kHz. The calculated equilibrium distance
for this confinement is 16.435(6) µm. The ion to ion distance in pixels which yields 56(0.5).

24Silloptics f = 66.8 mm, d = 34 mm
25Sens-Tech P25PC, quantum efficiency of ~27% at 397 nm
26Andor iXon DV885JCs-VP, pixel size 8 x 8 µm, quantum efficiency of 37% at 397 nm.
27Semrock SEM-FF01-390/18-25
28Owis Spalt 40
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4.2 Laser systems

A total of eleven different laser systems were used in this work. Each of them has its specific
task and therefore the requirements in terms of spectral properties, power, etc differ. A list
with all the laser systems and a short description of their application is presented in table 4.1.
All of them are commercially available diode, fiber or solid state lasers. A description of all
lasers setups is presented in the following section. Setting up laser systems for experiments with
trapped calcium ions is now standard and described in detail in various theses [19,29,33–35,61].
For this reason the main focus of this section was laid on describing the laser systems, relevant
for aluminium ions, as well as technical innovations.

Laser wavelength Application

397 nm Doppler cooling of 40Ca+

854 nm Repumping from the D5/2 levels in 40Ca+

866 nm Repumping from the D3/2 levels in 40Ca+

423 nm Photo-ionization of 40Ca

394 nm Photo-ionization of 27Al

375 nm Photo-ionization of 40Ca

532 nm pulsed Ablation of Ca and Al atoms

729 nm Excitation of the S1/2 ↔ D5/2 clock transition in 40Ca+

267.0 nm Excitation of the 1S0 ↔ 3P1 intercombination transition in 27Al+

267.4 nm Excitation of the 1S0 ↔ 3P0 clock transition in 27Al+

Frequency comb Frequency measurement of both clock lasers

Table 4.1: Listing of all laser systems implemented in the experimental setup as well as their
application.

4.2.1 Lasers for Doppler-cooling, repumping, and photo-ionization

All laser systems for Doppler-cooling, repumping and photo-ionization are mounted on a bread-
board, hanging under the optical table. A second breadboard accommodates the acousto-optic
modulators for switching the light on and off within the experimental sequence. The lasers
are stabilized to the wavelength-meter (see section 4.2.2) which is situated between the two
breadboards.
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4.2. Laser systems

397 nm cooling laser

The S1/2 ↔ P1/2 dipole transition in 40Ca+ at a wavelength of 397 nm is used for Doppler-
cooling, optical pumping and state detection by fluorescence (electron shelving). The cor-
responding light source is a frequency-doubled external cavity diode laser29 (ECDL) at a
fundamental wavelength of 793 nm which is subsequently amplified by a tapered amplifier
(TA). A schematic drawing of the 397 nm laser setup is presented in figure 4.12. Even though
laser diodes at 397 nm are commercially available, their handling is more difficult and so the
standard approach to produce this wavelength was chosen to have a low-maintainance system
although it is more expensive. Furthermore these systems have the advantage of having a nicer
beam profile and less amplified spontaneous emission (ASE). A few ten µW of the infrared light
are sent via a single mode fiber to the Wavelength meter30, to which the laser is stabilized to
(see section 4.2.2). Approximately 12 mW of 397 nm light is guided to the AOM breadboard.
It is frequency up-shifted by 160 MHz by the double-pass AOM31 1 and subsequently split
into two parts. A mechanical shutter that blocks the 0th diffraction order can be opened and
the far red detuned light helps to recrystallize the ions after a collision with the background
gas. The first path contains the main part of the light and passes the single-pass AOM32 2 at
80 MHz, which enhances the attenuation when the light is supposed to be turned off and is
coupled into a photonic crystal fiber together with the repumping lasers (see below).

AOM1

Wavelength 
meter

TA

SHG
397 nm AOM2

AOM3

2 x 80 MHz 1 x 80 MHz

1 x 80 MHz

Shutter for 0th order

feedback

top-east

east

DP +1st SP +1st

SP +1st

PCF

PMF

FC

PMF
PCF  
FC    
SP    
DP     
+1st

Polarization maintaining fiber
Photonic crystal fiber
Fiber coupler
AOM single-pass configuration
AOM double-pass configuration
AOM diffraction order

ECDL
793 nm

PMF

PMF

Figure 4.12: Schematic drawing of the 397 nm laser setup. Fundamental light at 793 nm,
created by an ECDL, is amplified by a tapered amplifier and subsequently frequency doubled. A
small fraction of it is sent to the wavelength meter for frequency drift compensation. The 397
nm light is split into two paths for Doppler-cooling and optical pumping. Black lines represent
optical fibers, colored lines indicate free-space beam paths.

Light from this path is used for Doppler-cooling and state detection and has overlap with
all three normal modes of an ion in the trap (see figure 4.1 top-east viewport). The beam
is focused to a Gaussian beam waist of 100 µm FWHM at the ion. About 500 µW optical

29Toptica TA-SHG pro
30High Finesse WSU-2
31Crystal Technology Inc. 3080-120
32Crystal Technology Inc. 3080-120
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power is available at the trap. The second path which contains a small fraction of the light
also passes the 80 MHz single-pass AOM33 3 and is coupled to a polarization maintaining fiber
that reaches the west-viewport. A quarter wave-plate in front of the trap creates circularly
polarized light and allows for optical pumping. A detailed description of the pumping scheme
can be found in [29]. The Gaussian beam waist at the ion is also 100 µm FWHM.

854 nm & 866 nm repumping laser

Two external cavity diode lasers34 at 854 nm and 866 nm provide light for repumping from the
metastable D5/2 and D3/2 states, respectively. Both laser beams are guided by single-mode
fibers to the AOM breadboard. A schematic drawing of the 854 nm and 866 nm laser setup
is presented in figure 4.13. A small fraction of each laser beam is split off and sent via single-
mode fibers to the WLM for the purpose of frequency drift compensation. The main fraction
of both laser outputs pass the 200 MHz double-pass AOMs35 4&6 and the 80 MHz single-pass
AOMs36 5&7 and are coupled to a photonic crystal fiber together with the 397 nm cooling
beam (see above). Beam waists and optical powers at the trap are identical with the 397 nm
cooling beam.

AOM4

Wavelength 
meter

AOM5
2 x 200 MHz 1 x 80 MHz

feedback

top-east

ECDL
854 nm

AOM6 AOM7
2 x 200 MHz 1 x 80 MHz

feedback

SMF

SMF

SMF

SMF

PCF

DP +1st

DP +1st

SP +1st

SP +1st

SMF Single-mode fiber

ECDL
866 nm

FC

FC

Figure 4.13: Schematic drawing of the 854 nm and 866 nm laser setups. In both cases a small
fraction of the light is sent to the wavelength meter (WLM) for frequency drift compensation.
The main fraction of the light is sent via a photonic crystal fiber (PCF) to the ions after
passing AOMs that allow one to switch the beams on and off.

Photo-ionization lasers at 423 nm, 394 nm and 375 nm

The creation of singly positively charged ions from neutral Ca and Al atoms is done via two-
step photo-ionization (PI). In case of calcium an external cavity diode laser37 at 423 nm excites
the 1S0 ↔ 1P1 transition. A photon from a free running 375 nm diode laser38 excites the

33Crystal Technology Inc. 3080-120
34Toptica DL pro
35Crystal Technology Inc. 3200-125
36Crystal Technology Inc. 3080-122
37Toptica DL pro
38Toptica iBeam smart
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atom to an energy above the ionization threshold of 6.1 eV [54]. In the case of aluminium
an ECDL39 at 394 nm excites the 2P1/2 ↔ 2S1/2 transition (See also section 5.1). Another
394 nm photon is sufficient to reach the ionization threshold of 6 eV [54]. The laser can be
also tuned to the 2P3/2 ↔ 2S1/2 transition at 396 nm. A level scheme of neutral aluminium
containing the relevant levels for photo-ionization is presented in figure 4.14. More detailed
information about the level structure of neutral aluminium, including the hyperfine structure,
can be found in [62] .

394 nm

2S1/2

continuum

2P1/2
2P3/2

394 nm 396 nm

396 nm

Figure 4.14: Level structure of neutral aluminium containing the relevant levels for photo-
ionization. The hyperfine structure is not shown. Starting in the electronic ground state 2P1/2
a 394 nm photon excites the atom to the 2S1/2 intermediate state. Another 394 nm photon is
sufficient to reach the ionization threshold of 6 eV. However, at temperatures that are required
to evaporate aluminium atoms from bulk material the 2P3/2 state is also populated [63]. This
enables a second way of photo-ionization via two 396 nm photons.

A schematic drawing of the PI laser setup is presented in figure 4.15. The light from both
ECDLs (423 nm and 394 nm) is guided to the AOM breadboard via single mode fibers. There,
a small fraction of both beams is split off and sent to the WLM via single mode fibers for
the purpose of frequency drift compensation. The 80 MHz single-pass AOM40 8 in the 394
nm path allows for a precise temporal delay of the PI laser with respect to the ablation pulse
(see section 5.1). 375 nm light, wich is produced by a free running laser diode, is guided
via a multi-mode fiber to the AOM breadboard. Finally, all three beams are coupled into a
single-mode fiber that goes to the trap. The beams have Gaussian beam waists of about 100
µm FWHM at the trap center. Typically 500 µW optical power of each laser is available at
the trap. A mechanical shutter in front of the fiber allows us to switch all beams on and off.

39Toptica DL pro
40Crystal Technology Inc. 3080-120
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AOM8
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feedback

DL
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FC

FC

SMF
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SMFMMF

MMF Multi-mode fiber Shutter

Figure 4.15: Schematic drawing of the photo-ionization laser setup. In the cases of the 394 nm
and 423 nm lasers a small fraction of the light is sent to the wavelength meter for frequency
drift compensation. The main fraction of both laser outputs is combined with the 375 nm light
and sent to the trap. An AOM in the 394 nm path allows for switching the light on and off on
the µs timescale.

Ablation laser

In this work laser ablation loading of calcium and aluminium ions was implemented (see section
5.1). Therefore neutral atoms of both species are evaporated from ablation targets by single
laser pulses. The atoms are subsequently photo-ionized in the center of the trap. A schematic
drawing of the ablation laser setup is presented in figure 4.16.

Beam dump

DPSS
1064 nm

SHG
532 nm

Calcite beam 

displacer

HWP HWP

Ablation targets

PBS

Figure 4.16: Schematic drawing of the ablation laser setup. The energy of the laser pulses is
adjusted by a half-wave plate and a polarizing beam splitter. A calcite beam displacer sends
the laser pulses along two different paths depending on their polarization, which allows one to
address the two ablation targets individually.

The laser system is a frequency-doubled diode-pumped solid state laser (DPSS)41, which
emits laser pulses at a wavelength of 532 nm. The pulses have a fixed pulse energy of 400
µJ and a temporal duration of 2 ns. Single pulses are triggered via transistor-transistor logic
(TTL). For optimizing the probability of creating one ion per ablation pulse, the energy of the
ablation pulses, sent to the targets, needs to be adjusted. This can be achieved by a half-wave
plate followed by a polarizing beam splitter in the beam path. Furthermore two different
targets for the two atomic species, respectiveley are mounted above the trap, which have to

41Coherent flare 532
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be adressed individually. This is realized by a half-wave plate and a calcite beam displacer42.
Depending on the polarization of the ablation pulse the beam displacer allows one to switch
between two separate beam paths that individually address the two targets in the vacuum
chamber.

4.2.2 Wavelength meter & wavelength control

Nearly all laser wavelengths used in the experiment are monitored and some of them are
controlled with a wavelength meter (WLM)43, which is based on a Fizeau interferometer. It
has two fiber ports that are normally used for measurement and calibration. A four-channel
micro electro-mechanical system (MEMS) fiber switch with a lifetime of more than 109 cycles of
operation is attached to the first port. It is used to measure the wavelengths of the 793 nm, 854
nm and 866 nm lasers periodically at a rate of 50 Hz. A control program44 calculates an error
signal proportional to the deviation from the target wavelength and a digital-analog-converter
(DAC) on an associated PCI card generates a DC voltage proportional to the error signal.
Before the DC voltage is fed back to the piezo of the ECDLs, it is scaled down by variable
voltage dividers to refine the voltage steps resulting from the finite resolution of the DAC
and 50 Hz low pass filtered to suppress noise with frequencies above the control bandwidth.
The variable voltage dividers are set such that the frequency resolution is as fine as possible
without limiting the tuning range that is required to compensate for typical frequency drifts
of the lasers. Typical ratios are 1:3-4.
This setup corrects for laser frequency drifts but it is not able to narrow the ECDL‘s free

running linewidth of about 200 kHz. In view of the natural linewidth of the transitions,
driven by the 397nm, 854nm and 866nm laser, which are on the order of 20 MHz, the lasers
are sufficiently stable. Furthermore this setup renders the use of additional reference cavities
unnecessary.
An 8-channel mechanical switch with a lifetime of about 108 cycles of operation is connected

to the calibration port. The mechanical switch is used to monitor the residual laser wavelengths
(729 nm, 1068 nm, 1069.6 nm, 423 nm and 394 nm). It has the advantage of resisting UV
wavelengths, which the MEMS switch is not capable of. The shorter lifetime compared to the
MEMS switch is no drawback since it is only used occasionally.
The WLM can be calibrated automatically with the 729 nm laser when it is referenced to the

calcium ion. The calibration can be done periodically on any desired time scale which allows
one to eliminate drifts due to temperature changes of the WLM. For typical calibration intervals
of 10 minutes the laser frequencies are stable within less than 1 MHz. This was observed by

42Thorlabs BD40
43HighFinesse WSU/2
44HighFinesse Laser Control PID
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monitoring the frequency of the stable 1068 nm laser. Consequently the frequencies of the
cooling and repumping lasers only need to be adjusted to the corresponding transitions once
per day.
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4.2.3 Ultra-stable lasers

Driving narrow transitions coherently requires light sources with a linewidth on the order of
the natural linewidth of the transition. The clock transitions of 27Al+ and 40Ca+ have natural
linewidths of 2π ·7.6 mHz and 2π ·139 mHz, respectively. Therefore, the 267.4 nm and 729 nm
lasers are stabilized to optical resonators with high finesse, which are temperature-stabilized
and vibration-isolated from the environment. In practice, the limiting factor for narrowing
the linewidth of a laser is the thermal noise floor of the reference cavity (typically ∼ 10−15).
Consequently, spectral laser linewidths on the order of 1 Hz are achieveable.
The intercombination transition of the 27Al+ ion has a natural linewidth of 2π · 520 Hz.

Driving this transition coherently does not require a 1 Hz laser, but it is advantagous to have
another ultra-stable laser at 267 nm which the 267.4 nm clock laser can be compared to. The
laser systems are located in the labs, the three high-finesse cavities are placed inside a wooden
box in the basement due to a lack of space in the lab.
In the following the three ultra-stable lasers at 729nm, 267.0 nm and 267.4 nm are described.

This subsection is structured as follows: First, an overview of the optical setup of each laser
system is given which includes schematical drawings of those. Second, the method of Pound-
Drever-Hall (PDH) laser stabilization is introduced and a description of the PDH setup is given.
Furthermore the spectral properties of both 267 nm lasers are characterized. A characterization
of the 729 nm laser can be found in [61].

729 nm laser

An ultra-stable titanium-sapphire laser (Ti:Sa) with a short term linewidth of 1 Hz [61], which
is located in lab 1 is used to coherently drive transitions between the S1/2 and D5/2 manifolds.
It can be used to manipulate the ion‘s internal and motional state with high fidelity [29,32,35]
using carrier and sideband transitions. A detailed description of the current setup in lab 1 can
be found in [29] and references therein.
A 10 m long polarization maintaining fiber (APC end), whose optical path length is stabi-

lized, guides 15 mW of the light to lab 2. A schematic drawing of the 729 nm laser setup is
presented in figure 4.17. The light is sent through the 80 MHz AOM45 12 (+1st order) followed
by a wedge, which is used to reflect 4 % of the light back into the fiber. An interferometer
in lab 1 is used for fiber noise cancellation (FNC). The stable light is used to seed a tapered
amplifier46 with a maximum output power of 560 mW. The 80 MHz AOM47 13 (-1st order)
cancels the frequency offset and can be used for intensity stabilization (PD 5) and locking the

45Crystal Technology Inc. 3080-120
46Toptica TA 100
47Crystal Technology Inc. 3080-120
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laser to the spherical cavity48, located in the basement.
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Figure 4.17: Schematic overview of the 729 nm laser setup. It is spread over three different
locations. The laser itself and the PDH locking setup (vertical cavity) is located in lab 1. A
part of the light is split off and sent to lab 2 where a tapered amplifier provides 560 mW of
power. Afterwards the light is distributed among different paths that go to the experiment,
the wavelength meter, intensity stabilization and the Pound-Drever-Hall setup located in the
basement.

The main fraction of the light is going into the 270 MHz double-pass AOM49 14, which is
used to bring the laser frequency into resonance with the Zeeman transition to be excited.
The 80 MHz single pass AOMs50 15&16 in a row allow one to send the light to different ports
at the trap and two 2 m long PM fibers guide the light to the ions.

48ATF 6300 spherical cavity
49Brimrose TEF 270-100-729
50Crystal Technology Inc. 3080-120
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The fraction of the light, which is not going into AOM 14, is used for an optical beat note
with the frequency comb (see section 4.2.4), for the PDH locking setup in the basement, for
laser intensity stabilization (PD 5) and calibrating the wavelength meter. The main part of
the light passes the 270 MHz double pass AOM51 17, which is used to compensate for the
cavity drift, an interferometer (FNC) and the 80 MHz single pass AOM52 18 for laser intensity
stabilization (PD 8) and fiber noise cancellation. The rest of the light is sent to the wavelength
meter and to a photo diode (PD 5) for laser intensity stabilization.
The spherical cavity has a finesse of F ≈ 200.000 which was measured by cavity ring-down

spectroscopy and shows a drift rate of 50 mHz/s. Since the Ti:Sa is already phase-stabilized
by the PDH setup in lab 1, the PDH setup in the basement is currently not used to lock the
729 nm laser to the spherical cavity. Nevertheless it provides the ability to be independent of
the 729 nm laser in lab 1.

267.0 nm laser

To drive the 1S0 ↔3 P1 intercombination line in 27Al+ an ultra stable laser at 267.0 nm with a
maximum output power of 18 mW is used. The laser setup consists of a frequency quadrupled
ECDL53, which is locked to an external high finesse cavity54 at its fundamental wavelength
of 1068 nm. The spherical cavity has a finesse of F ≈ 300.000 and shows a drift rate of 46
mHz/s. A schematic drawing of the 267.0 nm laser setup is presented in figure 4.18. Coarse
wavelength tuning is done via manually aligning the grating of the ECDL. A piezo actuating
on the grating is used for fine tuning of the wavelength and for compensation of drifts and low
frequency noise. Frequency stabilization with high bandwidth is done by a commercial PID
controller55 that feeds back to the laser diode current. The lock setup consists of the double
pass AOM56 19 for frequency mode matching and cavity drift compensation and the 80 MHz
AOM57 20 for fiber noise cancellation (PD 9) and laser intensity stabilization (PD 10). A 10
m long fiber guides the light to the PDH setup in the basement, which is described later. The
error signal (PD 11) is fed into the fast analog linewidth control (FALC) with a slow and a
fast locking branch. The slow part feeds back onto the piezo, the fast part on the laser diode
current.
A linewidth of less than 1.63 Hz FWHM at 4 s was observed (see figure 4.24) by an optical

beat note with the stable fiber laser (see below). However, there is broad-band high frequency
noise that can not be fully compensated due to a relatively low control loop bandwidth of about

51Brimrose TEF 270-100-729
52Crystal Technology Inc. 3080-120
53Toptica DL TA FHG pro
54ATF 6300 spherical cavity
55Toptica FALC
56Brimrose TEF 270-100-1068
57Crystal Technology Inc. 3080-197
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500 kHz. The locking bandwidth is limited by the modulation input or the diode current driver
of the laser. This is proved by a phase delay measurement.
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Figure 4.18: Schematic overview of the 267.0 nm lasers setup. An external cavity diode laser
emits radiation at 1068 nm which is sent to a tapered amplifier. A fraction of the infrared light
is split off and sent to the wavelength meter and the Pound-Drever-Hall setup located in the
basement. The main part of the light is frequency-quadrupled and guided to the experiment.

The laser diode current was amplitude-modulated, which leads to a frequency modulation of
the laser, and the laser light was sent through a low-finesse cavity58. At a wavelength of 1068
nm the reflectivity of the cavity mirrors is ≤50 %, which leads to a finesse of F .10. While
sitting on the slope of the cavity resonance the transmitted light gets amplitude modulated
which is detected with a photo diode. The relative phase between the diode current modulation
and the photodiode signal is presented in figure 4.19. At a modulation frequency of 300 kHz
the phase delay is already 90° and reaches 180° around 1 MHz. Additional phase delays from
the PID controller and finite cable lengths are expected. Consequently, the control bandwidth
is expected to be substantially smaller than 1 MHz. However, an additional 50 µF capacitor
in parallel to the laser diode current reduced the high-frequency noise without decreasing
the control bandwidth notably. The stable light at 1068 nm gets subsequently frequency-
quadrupled.
The light at 267 nm passes the 200 MHz double-pass AOM59 21, which is used to adjust the

laser frequency to the Zeeman transition to be excited and is sent to the 200 MHz single-pass

58Toptica FPI 100-0750-1
59Crystal Technology Inc. 3200-1220
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AOMs60 22&23 in a row, that split the light into two paths.
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Figure 4.19: Phase delay of the laser diode response with respect to the modulation signal. The
green line is a Bezier interpolation. A phase delay of 90° is already reached at a frequency of
300 kHz and reaches 180° around 1 MHz. From this measurement servo bumps around 1 MHz
are expected. Additional phase delays result from finite cable lengths in the lock setup and the
PID circuit itself which further decrease the control bandwidth.

Solid-core photonic crystal fibers guide the light to the east and west viewport. These fibers
have low losses in the UV due to a modification of the color centers in the material [64]. This
is achieved by loading the fiber with hydrogen gas under pressure and illuminating it with UV
light afterwards. Typically 1.5 mW optical power is available at the trap. The beam is focused
to a Gaussian beam waist of 65 µm FWHM at the ion.

267.4 nm laser

The ultra-stable 267.4 nm laser setup, which is used to drive the 1S0 ↔ 3P0 transition in
27Al+, consists of a frequency-quadrupled61 fiber laser62, which is locked to an external high
finesse cavity63 at its fundamental wavelength of 1069.6 nm. The cylindrical cavity has a
finesse of F ≈ 405.000 and shows a drift rate of 100 mHz/s. The optical setup is almost
identical with the one described above. A schematic drawing of the 267.4 nm laser setup
is presented in figure 4.20. Typically the laser provides 30 mW of 267.4 nm light. Coarse

60Crystal Technology Inc. 3200-1220
61Toptica FHG standalone
62Menlo Systems orange one
63ATF6020 notched cavity
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wavelength pre-tuning is done via the fiber temperature. A piezo actuating on the fiber is
used for fine tuning of the wavelength and for compensation of drifts and low frequency noise.
A fiber AOM64 between seed laser and fiber amplifier allows for frequency stabilization with
high bandwidth.

FL
1069.6 nm

SHG
534.8 nm

SHG
267.4 nm

south/east
viewport

AOM27
1 x 200 MHz

FI GTP EOM

CCD

12MHz Error signalBasement

AOM24 AOM25
1 x 1,5 GHz 1 x 80 MHz

Intensity stabilization

Acoustic 
shielding 

+ 
vibration 
isolation

Vacuum vessel

AOM26
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Beat with 
frequency comb

30:70

Fiber noise cancellation

LAB2

SP +1st SP +1st

SP +1stDP +1st

PD 13

PD 12

PD 14

Figure 4.20: Schematic overview of the 267.4 nm lasers setup. A fiber laser emits radiation
at 1069.6 nm which is sent along a polarization maintaining single mode fiber to a standalone
fourth harmonic generation setup. A fraction of the infrared light is split off after the fiber and
sent to the wavelength meter and the Pound-Drever-Hall setup located in the basement. The
main part of the light is frequency-quadrupled and guided to the experiment.

The lock setup consists of the GHz AOM65 24 for frequency mode matching and cavity
drift compensation and the 80 MHz AOM66 25 for fiber noise cancellation (PD 12) and laser
intensity stabilization (PD 13). A 10 m long fiber guides the light to the PDH setup in the
basement. The error signal (PD 14) is fed into a homemade PID controller67 with a slow and a
fast locking branch. The slow part feeds back onto the piezo, the fast part is sent to a low-noise
voltage controlled oscillator (VCO)68 that provides the driving frequency for the fiber AOM
inside the laser. The locking bandwidth of 100 kHz is limited by the modulation bandwidth
of the VCO. A linewidth of less than 1.63 Hz FWHM at 4 s was achieved (see figure 4.24).
The stable light at 1069.6 nm gets frequency-quadrupled afterwards.

64Gooch & Housego T-M150-0.4C2G-3-F2P
65Brimrose GPF 1500-1000-1068
66Crystal Technology Inc. 3080-197
67Built by Gerhard Hendl
68Vectron VS-705-ECE-SAAN-150M000000

52
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The 267.4 nm light is sent to the 200 MHz double-pass AOM69 26, which is used to bring
the laser frequency into resonance with the Zeeman transition to be excited, and subsequently
passes the 200 MHz single-pass AOM70 27. A solid-core photonic crystal fiber guides the light
to the south or east viewport. Laser power and beam waist at the trap are identical with the
one described above.

Pound-Drever-Hall locking setup

All three spectroscopy lasers (729 nm, 267.0 nm and 267.4 nm) are phase-stabilized to external
high-finesse resonators via the Pound-Drever-Hall (PDH) method [65, 66] which became a
standard technique in the field of quantum optics and precision spectroscopy. The method
and the required optical setup is described in numerous theses and articles i.e. [33, 34, 61, 67]
just to name a few. Therefore the following description is restricted to a short summary.
The optical setup is identical for the three lasers mentioned above. Faraday isolators71 avoid

disturbing back-reflections of the laser beam to the light source and Glan-Thompson polariz-
ers72 keep the linear polarization as pure as possible. Next, electro-optic modulators73 (EOM)
phase-modulate the laser at the drive frequency (∼12 MHz). The light passes a polarizing
beam splitter and a quarter wave-plate before it enters the cavity. The polarization of the
laser light in front of the EOM needs to be aligned to its crystal axis in order to minimize po-
larization modulation (at the drive frequency), which results in amplitude modulation after the
PBS. Significant residual amplitude modulation leads to an unwanted frequency modulation of
the laser due to the intensity modulation of the light on the PDH photo diode. Approximately
50 % of the light is coupled into the cavity (TEM00 mode). The reflected part of the light
passes the quarter wave plate again and is reflected by the PBS to fast photo diodes (PD 774

in figure 4.17, PD 1175 in figure 4.18 & PD 1476 in figure 4.20).
To obtain the PDH error signal [65,66] when the laser frequency is scanned over the cavity

resonance, the photo diode signal is mixed with the EOM drive frequency. The steepest slope
of the error signal at the zero point is achieved with a modulation depth of 42% [65].
The error signal is fed into a PID controller which acts on different feedback elements

depending on the laser. About 30% of the incident beam power gets transmitted through the
cavity for optimized PID parameters.
A small fraction of the light inside the cavity is absorbed by the mirror coatings which

69Crystal Technology Inc. 3200-1220
70Crystal Technology Inc. 3200-1220
71Isolation > 35 dB
72B. Halle, 10−8extinction ratio
73Linos PM-C-BB
74Thorlabs DET10A/M
75Thorlabs PDA10CF-EC
76Thorlabs PDA10CF-EC
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leads to local heating of those. The resulting thermal expansion of the coatings decreases the
effective cavity length and thus changes the resonance frequency of the cavity. This response
depending on the incident beam power is presented in figure 4.21 for the two infrared cavities.
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Figure 4.21: Laser frequency shift depending on the optical power of the incident beam for both
infrared high-finesse cavities. The frequency shift is presented with respect to the lowest point
in power. The difference in the slope can be partially explained by a factor of 2 in cavity length
as well as a slightly smaller spot size of the cavity mode at the planar mirror of the spherical
cavity (116 µm and 138 µm at 1/e2 intensity).

Therefore the laser intensity inside the cavity has to be stabilized77. In the case of the 729
nm laser a photo diode (PD 878) in transmission is used. Due to the relatively low sensitivity
of the photo diodes (PD 1079 & PD 1380) at the infrared wavelengths compared to 729 nm, the
stabilization is done right after the Faraday Isolators for both aluminium lasers. Fractional
intensity instabilities of 10−4 are achieved.
Another important point in order to achieve the ultimate laser stability is the temperature

stabilization of the reference cavities. The target temperature is given by the so called zero
crossing temperature (TC) of the Ultra-Low Expansion glass (ULE), which the cavity spacer
is made of. This is the point where the thermal expansion coefficient changes its sign and the
linear part vanishes. The zero crossing temperatures of all three cavities are shown in figure
4.22.

77SRS SIM960
78Thorlabs PD10A
79Hamamatsu G12180-010A
80Hamamatsu G12180-010A
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Figure 4.22: Measurements of the zero crossing temperatures for the three high finesse cavities.
The data represents the cavity length depending on its temperature. At the point where the
coefficient of thermal expansion changes its sign, the linear part vanishes. At this point laser
frequency changes due to temperature changes of the cavity are minimal. In the case of the 729
nm cavity the laser was locked to the ion and the double pass AOM was adjusted to resonance.
The positive curvature arises from the fact that the −1st diffraction order of the AOM was used.
In the case of the two infrared cavities the laser frequency was measured with the frequency
comb.

A further important point is the isolation from acoustic noise present in the lab. The cavity
spacer slightly changes its shape when it experiences accelerations which results in a change of
the cavity length and therefore influences the laser frequency. For acoustic shielding a wooden
box was built which rests on Sorbothane81 sheets in the basement. To avoid electromagnetic
pick up, the outside of the box was lined with copper-wallpaper. The inside of the box is lined
with lead rubber to increase its weight and therefore lower its natural frequency and acoustic
foam to break sound waves. The box is filled with 10 cm quartz sand (grain size 1 mm) to
damp acoustic vibrations. Two active vibration isolation platforms82 rest on the sand. One of
them carries both spherical cavities for 729 nm and 1068 nm, the other one accomodates the
cylindrical cavity for 1069.6 nm.
The temperature stabilization of the spherical cavities is done with a commercial temper-

ature controller83 that acts on Peltier elements inside the vacuum vessels. The cylindrical
cavity is temperature-stabilized with a commercial temperature controller84 that is connected
to a resistive heater outside the vacuum can but within the heat shield. Typical temperature
stabilities of ± 200 µK (in loop) are achieved for all three cavities.
During the optimization of the laser locks it is necessary to identify noise sources by their

characteristic frequencies. Typically this is done via a beat note with a laser that is known to
be stable. If there is only one noise source modulating the phase of one laser at a particular

81Visco-elastic polymer, used for vibration isolation (http://www.sorbothane.com/)
82ACCURION halcyonics micro60
83SRS PTC10
84Wavelength Electronics LFI 3751
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frequency, a sideband at the modulation frequency shows up on the beat signal spectrum.
Depending on the modulation depth also higher order sidebands at harmonic frequencies can
appear. As soon as both lasers are affected by several noise sources, this method breaks down
since only a broad peak will be visible on the beat spectrum. Therefore it is useful to extract
the phase noise spectrum of the beat. This can be done by detecting the beat note (212 MHz
in this case) with a fast photo diode and mixing it down to about 10 kHz with two identical
RF signals while one is phase shifted with respect to the other one by 90° (quadrature term).
Consequently two beat signals at 10 kHz with a relative phase of 90° emerge, which are recorded
by a fast oscilloscope. The quadrature term is needed to get the complete information about
the phase evolution and to isolate amplitude noise. Subsequently the linear term in the phase
evolution, which results from the non-zero beat frequency, is subtracted and a fast Fourier
transform (FFT) leads to the phase noise Sϕ(f). More detailed information about the method
can be found in reference [68]. The phase noise power spectral density of both aluminium
lasers is presented in figure 4.23.
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Figure 4.23: Phase noise power spectral density of both aluminium lasers at 1069.6 nm. The
diode laser was locked to the TEM00 mode of the spherical cavity which is closest to the fiber
laser frequency. The down-mixed beat signal was recorded for one second and the phase noise
PSD was derived as described in the main text. The peaks from 10 Hz to 30 Hz result from
vibrations affecting the cylindrical cavity. The spikes at 50 Hz and harmonic frequencies up
to 500 Hz are not real since they were not observed on the optical beat note. The spikes
emerge from electromagnetic pick up resulting from a ground loop with the oscilloscope. The
broad-band phase noise at frequencies of about 5 kHz and higher is attributed to the diode
laser. The increased high-frequency noise is the limiting factor for coherent operations on the
intercombination transition in 27Al+ (see section 5.5) but could not be compensated for.
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At frequencies ranging from 1 Hz to 1 kHz the phase noise power spectral density decreases
linearly (20 dB/decade). At frequencies of 5 kHz and higher two phase noise bumps can be
obtained in the spectrum, which can be attributed to the diode laser (see section 5.5). As
soon as the locks were optimized, the combined spectral width of both lasers was analyzed.
Therefore the beat signal at 212 MHz was Fourier analyzed with a high resolution spectrum
analyzer85 with an acquisition time of 4 s and a resolution bandwidth of 1 Hz. The results
are presented in figure 4.24. A lorentzian fit of the beat spectrum yields a spectral width of
4ν = 1.63(3) Hz FWHM. In the case of both lasers contributing equally to the signal each
laser is assumed to have a linewidth of 4ν/2 = 0.82(2) Hz. Servo bumps and characteristic
noise sources can be identified in the logarithmic plot.
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Figure 4.24: Optical beat note detection between both stable aluminium lasers at 1069.6 nm.
The diode laser was locked to the TEM00 mode of the spherical cavity which is closest to the
fiber laser frequency. The beat at 212 MHz was detected with a fast photodiode. a) linear power
spectrum of the beat signal. The data consists of two consecutive sweeps (centered afterwards)
at a resolution bandwidth of 1 Hz with an acquisition time of 4 s each. A lorentzian fit yields
a spectral width of 4ν = 1.63(3) Hz FWHM. If both lasers contribute equally to to the signal,
a spectral width of 4ν/2 = 0.82(2) Hz each can be assumed. Note, that the data represents
the two best shots out of five. The other data sets suffered from the long-term instability of the
diode laser (see figure 4.25 and main text for more information) b) logarithmic power spectrum
of the beat signal taken with a resolution bandwidth of 10 Hz. The small shoulders around 10
kHz correspond to noise of the diode laser. Servo bumps of the fiber laser lock are slightly
visible at 100 kHz. The broad peaks around 500 kHz are servo bumps of the diode laser lock.
The spikes at 250 kHz and 1.1 MHz are most likely due to electromagnetic pick up.

The frequency stability of the lasers over longer time scales is typically characterized by the
Allan deviation. It denotes the fractional frequency uncertainty for different averaging times

85Rohde & Schwarz FSP 13
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and is expressed by

σy(τ) =

√√√√ 1
2(m− 1)

m−1∑
i=1

(yi+1 − yi)2 (4.1)

where yi are the fractional frequencies averaged over a temporal period τ and m is the number
of yi values. An optical beat note detection between two lasers contains the instabilities of both
lasers. The combined Allan variance of two oscillators is σ2

A,B(τ) = σ2
A(τ) + σ2

B(τ). As soon
as a third oscillator C comes into play the variances can be decomposed into the variances of
each oscillator by the three-cornered hat method σ2

A(τ) = 1
2(σ2

A,B(τ) +σ2
C,A(τ)−σ2

C,B(τ)). To
extract the instability of each laser, both laser frequencies were simultaneously measured with
the frequency comb (see section 4.2.4). The Allan deviations of both lasers and the frequency
comb are presented in figure 4.25.
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Figure 4.25: Allan deviations of the frequency comb (locked to the GPS disciplined OCXO)
and both aluminium lasers at their fundamental wavelength. The laser frequencies were simul-
taneously measured with the frequency comb. The Allan deviations were calculated afterwards
(see main text). The short-term stability of the 1069 nm laser of 3 · 10−15 at 1 s is close to
the thermal noise floor of the cylindrical reference cavity (7.4 · 10−16 at 1 s). The long-term
behaviour is dominated by the cavity drift rate. The short-term stability of the 1068 nm laser
of 5.5 · 10−15 at 1 s is also close to the thermal noise floor of the spherical reference cavity
(1.7 · 10−15 at 1 s). The drift rate is significantly smaller compared to the cylindrical cavity.
On time scales from 10 s to 100 s the stability suffers from the cavity response to its temper-
ature stabilization (see main text). Note that each optical path contained a 2 m long optical
fiber whose optical path length was not stabilized. Therefore the short term stabilities of both
lasers should be considered as upper bounds. The direct linewidth measurement in figure 4.24
indicates a combined instability of 5.8 · 10−15 at 4 s. The instability of the comb (OCXO) is
quite constantly 2 · 10−13.
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The inferred short term stabilities of both lasers are close to the thermal noise limit of
the corresponding reference cavities. Each optical path contained a 2 m long fiber, whose
optical pathlength was not actively stabilized. Therefore the short term stabilities should be
seen as an upper bound. The long term behaviour is dominated by the aging of the cavities,
resulting in frequency drifts. Linear drifts can be compensated for by sweeping the frequency
of an AOM in the optical path. The stability of the 1068 nm laser on time scales between
10 s and 100 s suffers from the temperature stabilization of the spherical cavity. The digital
temperature stabilization has a low pass filter of 10 s. Therefore the current, sent through
the Peltier-element inside the cavity housing is changed on this time scale. Whenever the
current is changed an instantaneous increase of the laser frequency of about 10 Hz is observed,
which then relaxes during the next seconds, leading to a saw-tooth-like signal. The mechanism
leading to the frequency excursions of the laser is not clear. A possible explanation could be
that the cavity is held in place by a clamp which is mounted to a base-plate to which the
Peltier-element is attached. When the Peltier cools (TC=5.514°C) the housing the base-plate
contracts, resulting in an increased force on the cavity spacer.
The laser stabilization is done on a best effort basis. In view of the acoustic and electro-

magnetic noise at the location of the cavities as well as the spatial separation of lasers and
cavities, the short term stability is quite remarkable since it is close to its theoretical limit.
Further improvements of the laser stability would require major changes on the setup in terms
of acoustic and electromagnetic shielding.

Fiber noise cancellation

Light that travels along an optical fiber acquires frequency noise due to changes of the optical
path length caused by acoustic vibrations, thermally and air pressure induced stress [69].
These effects broaden the laser linewidth, depending on the fiber length and the noise that it
is exposed to. For precision experiments that rely on a narrow laser line, this fiber noise is not
tolerable and it has to be compensated for [69].
The optical setup for fiber noise cancellation (FNC) consists of a non-polarizing beam splitter

with 30% reflection. The transmitted light passes an 80 MHz AOM and the +1st diffraction
order is coupled into a fiber. Typically 4% of the light is reflected at the 0° angle-polished
fiber end and acquires the noise twice while travelling backwards along the fiber. The light
passes the AOM a second time and the +1st order is overlapped with the incident beam at
the beam splitter in front of the AOM. A fiber noise modulated beat note at twice the AOM
frequency can be detected with a fast photodiode. The beat signal is mixed down with a
stable 160 MHz signal from a referenced RF synthesizer. The error signal represents the phase
difference between the beat signal and the RF signal. It is sent to a PI controller whose
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output is connected to a voltage-controlled oscillator (VCO). The VCO86 provides the driving
frequency for the AOM and therefore closes the control loop. The fiber noise is compensated
by a phase locked loop (PLL).
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Figure 4.26: Optical beat note detection of a 10 m long noise-cancelled fiber. a) Linear power
spectrum of the beat signal. The data is taken with a resolution bandwidth of 1 Hz. The spectral
width of the peak is close to the resolution limit of the spectrum analyzer. For 1/f noise in
the lab a Gaussian-like line shape is expected [70]. A Gaussian fit gives a spectral width of
0.879(1) Hz FWHM. b) Logarithmic power spectrum of the beat signal taken with a resolution
bandwidth of 10 Hz. The peaks around 200 kHz correspond to servo bumps of the control loop.

Typically locking bandwidths of more than 100 kHz are achieved. A Fourier spectrum of
the beat signal for a 10 m long noise cancelled fiber is presented in figure 4.26. The spectral
width of the beat is 0.879(1) Hz FWHM, which is close to the resolution limit of the spectrum
analyzer.

UV fiber noise

Like all optical fibers also the fused silica solid core photonic crystal fibers [64], which guide
the 267 nm light to the trap, modulate noise onto the laser light. These fibers are more
exposed to acoustic noise present in the lab since only the bare fiber without any cord is
used. At this point in the beam path the noise cannot be cancelled in the usual way since
it is not continuous wave (CW) any more. Therefore the spectral broadening of the light
travelling through 1.5 m long fibers for typical noise conditions in the lab were investigated.
The spectral broadening is measured by a self-heterodyne linewidth measurement with a fast
photo diode. A constant frequency offset of 150 MHz was induced by an AOM. The spectrum
of the beat was observed with a high resolution spectrum analyzer87, which is presented in
figure 4.27. The laser used in this experiment was a free-running frequency-quadrupled fiber

86Micronetics MW500-1531
87Rohde & Schwarz FSP 13
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laser with a short term linewidth of ≤ 8 kHz. Since the beam paths of the interferometer
are nearly equally long the observed spectral width of the beat results only from fiber noise.
The presented spectrum consists of 100 acquisitions with a resolution band width of 1 Hz.
The total measurement time was about 5 min. A spectral width of 4.02(3) Hz FWHM was
observed. Probably the spectral broadening of the light can be further suppressed by better
acoustic shielding and vibration damping.
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Figure 4.27: Optical beat note detection of frequency noise induced by a 1.5 m long fiber. a)
linear power spectrum of the beat signal. The data consists of an average of 100 consecutive
measurements with a resolution bandwidth of 1 Hz with a total measurement time of ∼ 5 min.
The spectral width of the peak is not limited by the bandwidth of the spectrum analyzer. A
Gaussian fit gives a spectral width of 4.02(3) Hz FWHM. b) logarithmic power spectrum of the
beat signal taken with a resolution bandwidth of 10 Hz. The peaks between 600 Hz and 1.5 kHz
correspond to acoustic noise and mechanical vibrations on the optical table.

4.2.4 Frequency comb

One of the centerpieces of an optical frequency standard is the frequency comb, used for
measuring frequencies in the optical domain. It acts as a clockwork and down-converts the
frequency of a laser that is locked to an atomic transition to the radio-frequency (RF) domain.
The RF frequencies can then be handled and distributed by commercial electronics. In the
following, the setup and working principle of the femto-second fiber laser frequency comb88

used in this work is described.

Operating principle

A fiber ring emits a train of ultra-short laser pulses which result from a coherent superposition
of many equally spaced optical frequencies fn = n ·frep. The temporal separation of the pulses
is set by the round trip time within the fiber ring. The output of a frequency comb in the

88Menlo Systems FC1500
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time and frequency domain is depicted in figure 4.28. Hence the repetition rate is given by
frep = 1/τ = c/l, with l being the cavity length and the speed of light c. The laser is said to
be mode-locked when there is a common phase relationship among all longitudinal modes fn.
This phase relationship defines the phase of the electric field compared to the pulse envelope
and is called carrier-envelope phase φCE which is shifted by ∆φCE after each cavity round
trip.

ΔφCEOE(t)

f

t

E(f)

frep

1/frep

fCEO

Figure 4.28: Top: Pulse train emitted by a mode locked laser. Bottom: Eponymous comb-like
frequency spectrum.

Since the pulse envelope propagates with the group velocity vg, while the carrier wave
travels with its phase velocity vp the entire spectrum of the frequency comb is shifted by the
carrier-envelope-offset (CEO) frequency

fCEO = 1
2π

dφCE
dt

≈
∆φCE
2πτ (4.2)

The whole frequency spectrum can now be characterized with the repetition rate and the
carrier-envelope-offset frequency. The mode spectrum is expressed by

fm = m · frep + fCEO (4.3)

with an integer number m on the order of ∼ 106. Both frequencies are within the radio
frequency domain. After determining m, the optical frequency is obtained from a measurement
of frep and fCEO.
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Femtosecond fiber laser

The centerpiece of the comb is an Erbium doped fiber ring laser. The repetition rate is
adjustable via an intra-cavity EOM and a mirror piezo by adjusting the optical path length
of the laser resonator. Variable pump power and a moveable intra-cavity wedge provides
control over the carrier envelope offset frequency. The pump light is coupled into the fiber
ring via a wavelength division multiplexer (WDM). A Faraday isolator (FI) pretends the
predominant direction for the light. Wave plates before and after the fiber provide control
over the laser polarization. A schematic overview of the comb setup is presented in figure 4.29.
Usually the repetition rate and the offset frequency are locked to the 10 MHz reference (GPS
disciplined oven controlled quartz oscillator (OCXO)89) with a fractional frequency instability
of ∼ 2 · 10−13.
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Figure 4.29: Schematic drawing of the frequency comb locked to the 10 MHz GPS signal (green
lines). The centerpiece of the comb is the Erbium doped fiber ring at the bottom left. Red and
blue lines represent the measured repetition rate and offset frequency, respectively as well as
their control signals. The EOM in the fiber ring is only in use when the comb is locked to an
optical reference. See main text for more information.

89Menlo systems GPS 6-12
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Within the M-VIS EDFA SHG 780 unit, the light from the fiber ring is amplified, frequency-
doubled and sent to a highly non-linear fiber for spectral broadening. The outcome is used
to measure the frequency of the 729 nm laser via an optical beat note (see below). The
EDFA HMP1068 unit amplifies the comb light and creates a comb spectrum around 1068 nm
which is used for the frequency measurement of both aluminium lasers at their fundamental
wavelengths of 1068 nm and 1069.6 nm. The frequency shift of the comb spectrum is achieved
by the soliton self-frequency Raman shift [71], which depends on the pump power. Typical
comb spectra are presented in figure 4.30.
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Figure 4.30: Frequency comb spectra at the fundamental wavelength around 1550 nm (red) and
the two measurements ports around 729 nm (green) and 1068 nm (orange). The optical power
at the two measurement ports are 132 mW and 79 mW, respectively. With kind permission
from Menlo Systems.

Optical beat note detection

There are several ways to characterize a laser‘s spectral properties and its frequency. In the
case of a second laser being the reference, this is done via an optical beat note detection.
Therefore both lasers with similar frequencies are overlapped on a fast photodiode via a non-
polarizing beam splitter (BS). The resulting photo-current is frequency-modulated by the
difference frequency of the lasers and can be expressed as:

I(t) ∼ |E1(t) + E2(t)|2 = |E1(t)|2 + |E2(t)|2 + 2Re {E∗1(t) · E2(t)} (4.4)

The power spectrum observed on a spectrum analyzer is a convolution of both laser spectra:

SE∗1 ·E2(f) = SE1(f)⊗ SE2(f) (4.5)
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4.2. Laser systems

The contribution of each laser to the convoluted spectrum depends on their noise spectra.
In the case of white noise the line shape of the lasers are lorentzian and the spectral width
(full width at half maximum ) of the convoluted signal is ∆beat = 4f1 +4f2. Gaussian laser
spectra lead to ∆beat =

√
4f2

1 +4f2
2 .

Repetition rate lock

To stabilize the repetition rate (250 MHz in this case) to the GPS reference a small part of
the comb light is sent to a fast photodiode where the fourth harmonic of the repetition rate
is detected. This signal around 1 GHz is mixed down with a 980 MHz signal derived from a
referenced dielectric resonator oscillator (DRO) and a signal around 20 MHz is generated. To
create an error signal at DC it is once more mixed down with a 20 MHz signal derived from a
referenced direct digital sythesizer (DDS). The error signal is fed into a PID controller, ampli-
fied afterwards and applied to the mirror piezo that controls the cavity length and therefore
the repetition rate. The repetition rate can be also locked to a stable laser when the comb is
used to down-convert a optical frequency to RF. Therefore the beat signal between the comb
and the laser is kept fixed by feeding back onto the intra-cavity EOM and the piezo mirror.

Offeset frequency lock

The CEO frequency is generated in the M-Phase EDFA XPS1500-WG unit. There the light
at a center wavelength 1.56 µm is amplified and spectrally broadened by a highly non-linear
fiber to more than an octave (1 µm - 2.1 µm). A non-linear interferometer, which doubles the
frequency of the long-wavelength part of the spectrum and compares it with the near infrared
part via a beat note. The beat frequency is the CEO frequency, which is usually set to 20
MHz.

|2(nfrep + fCEO)− (2nfrep + fCEO)| = fCEO (4.6)

To lock the CEO frequency to 20 MHz it is mixed with a frequency doubled GPS signal. The
resulting signal is put into a phase detector together with the target frequency derived from
a referenced DDS. The error signal is sent to a PID controller and its output is connected to
the pump current control.

Frequency measurement

The frequency of a continuous wave (CW) laser can be measured via an optical beat note with
the light of the frequency comb. Therefore the two laser beams with the same polarization
are spatially overlapped. To select only comb modes with a frequency similar to the CW laser
the beams are sent onto a grating. The CW laser and the nearest comb modes are diffracted

65



Chapter 4. Experimental setup

under the same angle and sent to a fast photodiode. A beat note (typically∼ 40 kHz FWHM
if limited by the comb stability) between the laser and the nearest comb modes is visible on
a spectrum analyzer. The signal to noise ratio (SNR) of the beat signal has to be optimized
by improving the spatial alignment and the spectral output of the comb. The latter is done
via translation stages that vary the amount of comb light which is coupled into the nonlinear
fibers by moving objectives. The output spectra depend on the pump power. Depending on
the RF counters used in the measurement the beat signal has to be amplified and the signal-
to-noise ratio should reach 30 dB or more at a resolution bandwidth of 50 kHz to guarantee
for correct frequency counting. It is useful to use band pass filters to enhance the SNR. Ideally
the beat signal is split and counted by two separate counters while one path is attenuated by
3 dB or more. For precision measurements on the Hz scale both counter values should fully
agree within the resolution limit. If both counters disagree by more than ∼10 mHz for beat
frequencies in the 10 MHz range and a gate time of 1 s, the SNR is too low.
Before the absolute frequency measurement can start, the signs of the beat frequencies and

the absolute mode number n have to be determined.

fCW = nfrep ± fCEO ± fbeat (4.7)

The sign of the beat frequency can be determined by changing the repetition rate slightly. If
the sign is positive, the beat frequency decreases while the repetition rate increases and vice
versa. The sign of the offset-beat can be determined in a similar way. The sign is positive when
the beat frequency decreases with increasing offset frequency. In the case of the visible comb
port, the offset frequency is added twice since the comb light was frequency-doubled. The mode
number can be calculated by two frequency measurements with significantly different repetition
rates. The repetition rates should differ by about 10 kHz or more, otherwise mistakes in the
determination become more likely due to a lower signal-to-noise ratio. This is not necessary
in this setup since the wavelength meter is accurate enough to identify the mode number.
The optical power density of the comb output spectra around 729 nm and 1068 nm is

typically ∼ 2 mW/nm which results in ∼ 1.4 µW per comb mode for optimized parameters.
As soon as the measurement starts, the repetition rate, the offset frequency and the beat
frequency are simultaneously recorded by dead-time free RF counters 90 and are added up to
the optical frequency. Usually the repetition rate and the offset frequency are locked to the 10
MHz reference (GPS disciplined OCXO91) with a fractional frequency instability of ∼ 2 ·10−13

at time scales of from seconds to hours (see figure 4.25). There is the possibility to lock the
repetition rate directly to a stable laser (for example 729 nm laser) which should improve the
stability of the comb. Unfortunately the translation stage, which is responsible for the 729 nm

90FXM50 K&K Messtechnik
91Menlo systems GPS 6-12
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4.2. Laser systems

spectrum, is mechanically not stable enough and therefore requires high maintainance to keep
a sufficient SNR which makes it laborious to work with.
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4.3 Experimental control

Several different hardware components are involved in the electronic control of the experiment.
A schematic drawing of the experimental control is presented in figure 4.31. Its centerpiece is
the Control PC on which a C++ program (TrICS = trapped ion control system) coordinates
the tasks of multiple devices and provides a graphical user interface (GUI). It compiles the
pulse sequences that are written in python for a given set of parameters in the TrICS GUI and
sends it via a Ethernet connection to the “Pulse Box”. The latter is FPGA-based and contains
8 direct digital synthesizers (DDS) which allow for precise timing, frequency and phase control
of the generated RF pulses that are sent to AOMs in the stable laser setup. All frequency
sources that are crucial in terms of accuracy are referenced to the 10 MHz GPS signal.

Control PC
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AOM   
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TrICS
LabVIEW
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Figure 4.31: Schematic overview of the experimental control. Devices are represented as boxes
and their links by arrows. All control signals emanate from the control PC in the center. It
is connected to two auxilary PCs that are responsible for the control of the high-voltage source
(ISEG), which provides the voltage for the endcap electrodes and the wavelength meter (WLM)
which is involved in the stabilization of the diode lasers. The Pulse box and the DDS rack
provide the RF signals for the AOMs. The fluorescence data is acquired by a photomultiplier
tube or by an electron multiplying charge coupled device camera.

All other AOMs on the breadboard are driven by homebuilt DDSs whose output power and
frequency are controlled by TrICS via the bus system. The WLM PC on which the wavelength
meter software is running is connected to the Control PC via Ethernet. It receives the setpoint
frequencies of the diode lasers from TrICS. The high finesse wavelength control translates them
into DC voltages which are applied to the piezos. A further PC is used to control the stable
high voltage source (ISEG) and other devices. The state detection is done by recording the
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fluorescence counts for a given time window after each experiment. For experiments with
only one calcium ion the photomultiplier tube (PMT) was used. For experiments with long
ion strings a LabVIEW based program [72] communicating with the EMCCD camera can be
used. The experimental data is displayed on the TrICS GUI or automatically post-processed
to feed back on the laser lock and the calculation of the magnetic field.
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In this chapter important experimental techniques for experiments with trapped ions are pre-
sented. The first part presents an investigation of the laser ablation loading of 40Ca+ and
27Al+ ions, which was published in New Journal of Physics [73]. The second part describes
the procedures of setting up a typical experimental sequence involving laser cooling, optical
pumping as well as the calibration of sideband frequencies and AC-Stark shifts. The third
and fourth parts present how a stable laser is referenced to a narrow atomic transition and
detail the method of compensating micromotion using the narrow-band laser. In the last part,
the method of quantum logic spectroscopy is introduced which is used to detect the electronic
state of an aluminium ion.

5.1 Laser ablation loading of ions

The standard approach of loading ions into a trap is to evaporate neutral atoms of a particular
element from a resistively heated oven and to photo-ionize them at the trap center. In the
case of calcium ions this is a well-proven technique, which has been used for more than a
decade. Evaporating neutral aluminium atoms from a thermal source requires considerably
higher temperatures to create a sufficient atom flux. In the first trap setup an alumina ceramic
oven with a piece of pure aluminium in the center was resistively heated by a tantalum wire. To
trap an aluminium ion the oven was operated at 12 W for several minutes. The dissipated heat
led to thermal expansion of the ion trap holder of tens of microns and outgassing problems.
Another drawback was the short lifetime of the oven since the tantalum wire burnt through
after a few attempts.
An alternative approach, which was used in the secon setup, is to evaporate neutral atoms

by single ablation laser pulses. For this purpose, single laser pulses at 532 nm with a duration
of 2 ns and a pulse energy of 100 µJ were fired onto ablation targes. The trap potential
was set such that a single calcium ion oscillated with frequencies of 400 kHz axially and 2
MHz radially. To load calcium ions the alloy target (see section 4.1) was used on which the
ablation laser was focused to a Gaussian beam waist of 200 µm FWHM. Aluminium atoms
were ablated from the pure aluminium target with a spot size of 50 µm FWHM. Initially the
intention was to load both species from the alloy target. However, loading aluminium ions
from the alloy target was only possible with a substantially higher pulse energy which directly
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5.1. Laser ablation loading of ions

created unwanted calcium ions. Both targets are hit by the ablation pulse under an incident
angle of 30°. Simultaneously the photo-ionization lasers were sent along the trap axis with
Gaussian beam waists of 100 µm FWHM and laser powers of 500 µW each.
For experiments with a mixed ion crystal a calcium ion is loaded first, since aluminium

ions can only be sympathetically cooled. Typically a single calcium ion is loaded after a few
ablation pulses. The probability of creating a single aluminium ion with one ablation pulse
is similar. At the first attempts to load aluminiums ions, relatively long cooling times on the
order of several minutes were observed until the ions crystallize. In order to understand these
long sympathetic cooling times, time-resolved neutral atom fluorescence measurements were
carried out to characterize the velocity distribution of ablated atoms.
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Figure 5.1: Time-resolved fluorescence spectroscopy on the 2P1/2 ↔ 2S1/2 transition. a)
Time-resolved fluorescence of Al atoms crossing the trap center versus laser detuning. The
number of detected photons is colour-coded in the image. The vertical line at τ ≈ 0 results
from photons produced by the ablation pulse. The white lines indicate expected resonances
between the motion of the atoms and the laser beam of 87.7°. b) Hyperfine structure of the
transition with hyperfine shifts [62] in units of MHz. c) Histogram of atomic arrival times. d)
Histogram of atomic velocities (see main text). The distribution peaks at velocities around 4.5
km/s.

Towards this end, single ablation pulses with an energy of 200 µJ were fired onto the targets
while the photo-ionization laser was turned on. The atoms crossing the 394 nm laser beam
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scatter photons (see figure 5.1 b) which were detected by the PMT and recorded by a fast
oscilloscope1. Since atomic motion and laser beams were not perfectly perpendicular to each
other a Doppler shift was observed. Each horizontal trace is the average of five laser ablation
pulses. A fraction of the ablation pulse light was sent to a fast photodiode which provided the
trigger signal for the oscilloscope. Because of the hyperfine structure of the ground and excited
state four individual transitions are observed which are spread over about 3 GHz in frequency.
To get rid of Doppler shifts the detected photon counts were summed up in frequency space
which yields the arrival time distribution of the atoms on which a background was subtracted.
To derive the atomic velocity distribution assumptions have to made. The probability of
detecting a scattered photon is inversely proportional to the atomic velocity. In the case of
aluminium it is assumed that each atom only scatters one photon before it gets pumped to a
different state. The fluorescence data and the inferred distributions are shown in figure 5.1.
Finally, atomic velocities ranging from 1.5 up to 15 km/s are observed. The distribution peaks
at atomic velocities of 4.5 km/s.
In order to detect the presence of an Al+ ion before the Ca+ and the Al+ ions crystallize

into a 2-ion crystal, a new detection method was developed. A hot ion orbiting in the trap
creates time-varying electric fields that act as a source of motional heating for the cold Ca+

ion. Small heating effects are easily detectable with Rabi spectroscopy on a motional sideband
transition. In this case the heating effect is big enough that it is detectable on the carrier
transition since their coupling strength depends on the motional state outside the Lamb-Dicke
regime. The experimental sequence is the following:

• Doppler-cooling the calcium ion to the Lamb-Dicke regime and optical pumping to the
S1/2 ground state.

• During a waiting time τ , the ion is heated if an aluminium ion is present in the trap.

• A π - pulse carried out on the S1/2 ↔ D5/2 transition. In the presence of an aluminium
ion a reduced transfer probability is observed.

• State detection via electron shelving.

Figure 5.2 illustrates this detection technique. The recorded reduced transfer probability can
be used to calculate the mean number of transferred motional quanta during the the waiting
time τ . By integration over time the initial energy of the hot ion can be calculated. More
information about the sympathetic cooling dynamics can be found in section 6.1.

The velocity distribution of ablated calcium atoms can be also derived from neutral atom flu-
orescence. Since the 1S0 ↔ 1P1 transition in calcium is closed, contrary to the 2P1/2 ↔ 2S1/2

transition in aluminium, a calcium atom can scatter more than one photon while crossing the
1LeCroy SDA 11000
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laser beam. Corresponding data as well as the inferred arrival time and velocity distributions
are presented in figure 5.3.
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Figure 5.2: Detecting the loading of a hot aluminium ion by a cold calcium ion. A π - pulse
on the S1/2 ↔ D5/2 transition transfers the population to the excited state of the calcium
ion. After 10 s an ablation pulse is triggered and a hot 27Al+ ion gets captured in the trap.
It transfers kinetic energy to the present calcium ion which results in a reduced state transfer
probability towards the excited state. Over the next 340 s the aluminium ion is sympathetically
cooled until the ions crystallize. The presence of the hot ion does not show up in the fluorescence
counts. The EMCCD camera images above show the equilibrium position of a single calcium
ion and the two-ion crystal later on. The rightmost picture shows motional excitation of the
mixed crystal by modulation of the axial confinement at the in-phase mode frequency for a
measurement of the mass of the dark ion.

Atomic velocities between 600 m/s and 4.2 km/s are observed. The main fraction of the
ablated calcium atoms have velocities around 1.6 km/s which is almost a factor of 3 slower
compared to ablated aluminium atoms.
A way to reduce the sympathetic cooling times of hot aluminium ions is to select relatively

slow atoms by introducing a temporal delay τd between ablation pulse and the time when the
photo-ionization laser is turned on for a duration τ . This also allows one to investigate which
velocity classes of aluminium ions can be trapped. It turns out that only ions with velocities
between 800 m/s and 3700 m/s can be trapped. The lower limit is given by the low density
of slow atoms while the upper limit is set by the trap depth.
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Figure 5.3: (a) Time-resolved fluorescence spectroscopy on the 1S0 ↔ 1P1 transition of 40Ca
atoms crossing the trap center. The white line indicates the expected resonance for an angle
of 84° between the direction of motion of the atoms and the laser beam. (b) Arrival time
distribution obtained from (a) after background subtraction. (c) Atomic velocity distribution
derived from (b) assuming that the number of scattered photons is inversely proportional to the
atomic velocity v. The velocity distribution peaks at velocities of about 1600 m/s.
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5.2 Experimental sequence

Every single experiment with trapped ions consists of a series of different steps.
A schematic overview of a typical sequence is depicted in figure 5.4. Before the
desired experiment can be carried out, the ions are prepared in a well-defined
internal and motional state by laser cooling and optical pumping. After that
coherent operations on the narrow transitions can be carried out with high fidelity.
At the end of each experiment a quantum state measurement is performed. In the
following each experimental step for experiments with an Al+- / Ca+- mixed ion
crystal is described. Thereby the focus is laid on the part describing the aluminium
ion. The experimental sequences containing all relevant experimental parameters
are encoded in a python file that is interpreted by the experiment control program.
A detailed description can be found in [29].
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Figure 5.4: Schematic of a typical pulse sequence with a mixed ion crystal. Doppler-cooling
(I) followed by optical pumping of Ca+ (II). Optical pumping on the aluminium ion (III).
Continuous sideband cooling (IV). Frequency-resolved optical pumping (V). The particular
experiment (VI). Quantum logic state transfer (VII) & (VIII). State detection (IX).

(I) Doppler-cooling

Every experimental sequence starts with Doppler-cooling the ions. A 397 nm beam adressing
the S1/2 ↔ P1/2 transition is applied for a period of 5 ms. The beam has overlap with all
three normal modes of an ion in the trap. Since the transition is not closed, the 866 nm
laser is used simultaneously for repumping population from the D3/2 states. The intensity of
the cooling laser is chosen to be half the saturation intensity of the transition and the laser
frequency is red-detuned by half the spectral width of the transition 4 = −γ/2. To avoid
additional line broadening from the 866 nm laser its power is set close to saturation. Slightly
blue-detuning the frequency of the 866 nm laser prevents coherent state trapping. The settings
for sympathetic Doppler-cooling when working with mixed ion crystals are identical to the ones
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chosen for cooling a single Ca+ ion. The fluorescence counts registered during Doppler-cooling
can be used to monitor the crystalline order of the ions. In the case of a melting event due to a
collision with background gas an additional 160 MHz red-detuned beam is used to recrystallize
the ions and the corrupted data is taken again.

(II) Optical pumping of 40Ca+

After Doppler-cooling the calcium ion is prepared in the mj = +1/2 ground state using the
weak circularly polarized beam at 397 nm for about 20µs. The achieved pumping fidelity is
typically 99%.

(III) Frequency-resolved optical pumping of 27Al+

If an aluminium ion is involved in the experiment a series of π - pulses on the 1S0 ↔3 P1

transition manifold is applied with 4m = ±1 , depending on the desired target state. Each π
- pulse is followed by a 300 µs waiting time to allow the excited state to decay.
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Figure 5.5: Calculated time evolution of the resonantly driven six-level system starting in
the mf = 5/2 Zeeman substate. The calculation assumes a level splitting of 4.4 kHz and a
Rabi frequency of 200 Hz. The small modulation from the fast rotating term indicates that
a rotating-wave approximation would still be justified. Since the inner levels couple in both
directions, only the stretched Zeeman states are fully populated at a certain point in time.

A frequency measurement of the outermost transitions and precise knowledge of the magnetic
field, calibrated with the S1/2 ↔ D5/2 transition in calcium, allows one to calculate the
frequencies of the inner transitions. Since the Rabi frequency on the outermost transition is
known, the length of the π - pulses on the inner transitions can be calculated by the inverse
ratio of the corresponding Clebsch-Gordan coefficients. The whole procedure is repeated five
times.
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The pumping efficiency is characterized by inducing nuclear spin flips by an AC magnetic
field. With this the ion can be prepared in the other stretched Zeeman substate. The time
evolution of the Zeeman substate populations for a given coupling strength is presented in
figure 5.5. Frequency-resolved optical pumping as described above is carried out afterwards
followed by a detection whether the ion has reached its target Zeeman state or not. The
corresponding data is presented in figure 5.6.
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Figure 5.6: a) Nuclear spin rotation induced by an AC magnetic field at 4.452 kHz, detected
via quantum logic spectroscopy with a calcium ion. At the beginning of the experiment the ion
is prepared in the mF = 5/2 Zeeman state via 100 pump repetitions. An AC magnetic field
(~15 mGpeak) induces a full spin rotation within 150 ms. Since the initialization is not perfect,
the data was postselected depending on the outcome of the previous experiment. The contrast is
limited by imperfect state detection, the Rabi frequency is limited by the inductance of the coil
pair (~6.5 mH) and the current driver, respectively as well as the magnetic field attenuation by
the vacuum chamber (~15 dB). b) Pump efficiency characterization. The ion is transferred to
the opposite stretched state mF = −5/2 via a 75 ms long AC pulse and optical pumping towards
the mF = 5/2 state is carried out subsequently. The baseline at 0.15 arises from imperfect
state detection. The red line is an exponential fit to the data. After about 40 repetitions half of
the population is brought back to the target state. The probability of transferring the population
from one stretched state to the other one is about 2% per pump repetition.

After about 40 pump repetitions half the population is brought back from one stretched
Zeeman state to the target Zeeman state. Therefore the probability of transferring the popu-
lation from one outermost Zeeman state to the other using a single pumping step is about 2 %.
One limiting factor for the pump efficiency are imperfect π - pulses due to laser noise. Another
reason could be a quadratic Zeeman shift of the inner 3P1 Zeeman substates, resulting from
a coupling to other 3P1 hyperfine states, which would lead to off-resonant pump pulses, but
needs further investigation.
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(IV) Sideband cooling

For experiments that require the ions to be prepared in the ground state of a particular
motional mode, continuous sideband-cooling is applied to the motional mode of interest for
a duration of 7 ms. The 729 nm laser frequency is addressed to the red sideband of the
corresponding mode of the S1/2, mj = 1/2 ↔ D5/2, mj = 5/2 transition. To speed up the
process the 854 nm laser is used to reduce the lifetime of the excited state (quenching). Each
of these cycles reduces the mean phonon number of the thermal state after Doppler-cooling
by one. Since there is also a finite probability to decay from the P3/2 into the D3/2 state the
866 nm laser is used for repumping via the P1/2 state. Additional optical pumping with the
397 nm laser ensures a closed cooling cycle.

(V) Frequency-resolved optical pumping of 40Ca+

The optical pumping efficiency can be improved by using the 729 nm laser. Its frequency is
made resonant with the S1/2, mj = −1/2 ↔ D5/2, mj = 3/2 transition. Together with the
854 nm and 866 nm laser this leads to a population transfer to the desired S1/2, mj = 1/2
state. Pumping efficiencies after 200 µs of 99.9 % can be achieved.

(VI) Coherent state manipulation

Now the ions are prepared in a particular electronic and motional state and the actual experi-
ment can start. During the experiment the ion‘s internal and external states are manipulated
using different accessible carrier and sideband transitions. While the carrier transition fre-
quencies of 40Ca+ are calibrated with the clock script (see section 5.3), sideband transition
frequencies are calibrated manually. Symmetrically to carrier transitions motional sidebands
appear. The sidebands can be identified by their response to changes of the trap potential. A
fraction of a typical excitation spectrum is presented in figure 5.7. The confinement and the
quantization magnetic field have to be chosen in a way that sideband and carrier transitions
are well separated in frequency. The linear Zeeman shift of transition frequencies depending
on the quantization magnetic field is depicted in figure 5.8. Here only the electric quadrupole
transition in 40Ca+ and the intercombination line in 27Al+ are considered.
At typical quantization magnetic fields of about 4 G and secular frequencies on the order of

1 MHz the linear Zeeman effect on the aluminium clock transition is too small to cause any
overlap of sideband and carrier transitions.
Once the trapping confinement is chosen, excess micromotion has to be compensated (see

section 5.5). As soon as micromotion is compensated for, Rabi frequencies on the transitions
of interest as well as AC-Stark shifts of those have to be calibrated manually.
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Figure 5.7: Fraction of an excitation spectrum of on the calcium S1/2 ↔ D5/2 transition with
a mixed Al-/Ca- ion crystal at typical trapping conditions, taken with the diagonal 729 nm
beam. The center peak represents the S1/2, mj = 1/2 ↔ D5/2, mj = 5/2 carrier transition
and symmetric to it red and blue motional sidebands of the mixed crystal appear. The axial
in- and out-of-phase modes are visible at ± 888 kHz and ± 1.596 MHz respectively. The radial
modes are not degenerate. Calcium-like modes are observed at ± 0.9 MHz and ± 1.1 MHz, the
aluminium-like modes show up at ± 1.9 MHz and ± 2.1 MHz. Other peaks appearing correspond
to second order sidebands or combination of those.
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Figure 5.8: Calculated Zeeman-splitting of the S1/2, mj = 1/2 ↔ D5/2 transition manifold in
40Ca+ (top) and the 1S0, F = 5/2, mf = 5/2 ↔ 3P1, F = 7/2, mf = 3/2, 5/2, 7/2 transition
manifold in 27Al+ (bottom) including red and blue motional sidebands. Carrier transition
frequencies are depicted as black lines. The green lines are micromotion sidebands. For the
case of 1S0, F = 5/2, mf = −5/2 ↔ 3P1, F = 7/2, mf = −3/2, −5/2, −7/2 flip the sign on
the x-axis. The Zeeman splitting of the ground state is negligible. For most of the experiments
a quantization field of 4 G was applied.
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(VII) & (VIII) Quantum logic state mapping

In the case of experiments with a mixed-ion crystal, the internal state of the aluminium ion has
to be mapped to the internal state of the calcium ion before the fluorescence detection on the
calcium ions happens. This is done in the quantum logic way by transferring the aluminium
ion‘s internal state onto the motional state of a common motional mode and subsequently to
the internal state of the calcium ion by the means of sideband pulses (see section 5.4).

(IX) Fluorescence detection

To discriminate between the S1/2 and D5/2 state of the calcium ions the 397 nm beam is
turned on. In the case of the calcium ion being in the S1/2 state photons are scattered on
the S1/2 ↔ P1/2 transition. The fluorescence photons are collected by a PMT or an EMCCD
camera. To reach a high fluorescence rate the intensity of the 397 nm laser is set to the
saturation intensity of the transition (on resonance). The laser frequency is still red-detuned
by 4 = −γ/2 from resonance. Detection efficiencies are well above 99% when collecting
fluorescence photons for about 5 ms.
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5.3 Locking the 729 nm Laser to the S-D transition

In order to carry out coherent operations with high fidelity precise knowledge of the laser
frequency and the magnetic field is required. Therefore two symmetric transitions (±1/2 ↔
±3/2) with respect to the line center that suffer least from the quadrupole shift are probed by
a Ramsey experiment. The duration of the π/2 - pulses is set to 100 µs to avoid significant AC
Stark shifts. Each transition is probed twice with the phase of the second pulse shifted with
respect to the first one by (φ1 = π

2 , φ2 = 3π
2 ). The pulses are separated by a waiting time τR.

Taking the average over a hundred experiments each provides an estimate of the excited state
probabilities pφ1and pφ2 . The difference between the laser frequency and the atomic transition
frequency is expressed by

∆ν = 1
2π(τR + 2τπ/π)arcsin

pφ1 − pφ2

pφ1 + pφ2

. (5.1)

The line center at zero magnetic field can be calculated from the two measured frequency
differences ∆ν1 and ∆ν2. The line center is the arithmetic mean of both frequencies since
symmetric transitions were chosen. The magnetic field can be derived from the frequency
difference of both transitions resulting from the linear Zeeman effect. The measurements are
automatically executed every few minutes by the experiment control program which raises or
lowers the waiting time between 10 µs and 4 ms depending on the outcome of the previous
measurement. The laser frequency and the magnetic field are fitted by a polynomial of a chosen
order (typically 1 for the frequency and 0 for the magnetic field) and the extrapolated values are
used in the next experiment. It is useful to weigh the data contributing to the fit by the time
when they were taken, which is implemented by an exponential loss of memory at a timescale
of 10 min. Error bars are calculated from quantum projection noise [60] σ =

√
p(1− p)/N

where N is the number of measurements and p is the excitation probability.

5.4 Micromotion compensation

Electric stray fields that shift the ion from the RF nodal point cause excess micromotion, i.e. a
driven motion at the trap‘s driving frequency ΩT . Analogous to the case of secular motion the
laser seems frequency modulated in the ion‘s reference frame due to resulting Doppler shifts.
Consequently, the effective electric field can be expressed as [74]

E(t) = E0e
−iωlteikxa

q
2sin(ΩT t) (5.2)

where ωl is the laser frequency, k is the wavevector of the laser beam, xa is the ion‘s dis-
tance from the nodal point and the q-parameter q (see section 2.1). The second exponen-
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tial in equation 5.2 can be expanded in terms of Bessel functions Jn(β) as eikxa
q
2sin(ΩT t) =∑∞

n=−∞ Jn(β)einΩT t with the modulation index β = kxa
q
2 . In the limit of small modulation,

the modulation index β can be expressed in terms of the coupling strength ratios between
carrier and micromotion sideband as β/2 ≈ J1(β)

J2(β) = ΩMMSB
ΩCarrier

.
The distance of the ion from the RF nodal point can be determined by d = 2β

qk . The strength
of a static electric stray field that shifts the ion‘s equilibrium position by d can be calculated
by Es = mω2

rd
e where ωr is the secular frequency. Excess micromotion first of all causes a loss

in coupling strength on the carrier transitions and can prevent the ion from being efficiently
cooled. Furthermore, it induces a systematic frequency shift in frequency standards and there-
fore has to be minimized by micromotion compensation techniques. The compensation is done
by changing the DC voltages on the compensation electrodes and comparing the Rabi frequen-
cies on carrier and micromotion sideband transitions. The relative coupling strength of the
first micromotion sideband depending on the compensation voltage is presented in figure 5.9.
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Figure 5.9: Micromotion compensation in vertical a), horizontal b) and axial direction c).
The data shows the coupling strength ratios of the first micromotion sideband to the carrier
depending on the horizontal a) and vertical b) compensation voltages as well as the position
along the trap axis c). The data was taken at an axial and radial confinement of 820 kHz and
1.35 MHz, respectively for a single 40Ca+ ion. Minimal modulation indices of β ≈ 1/250 are
measured along the radial directions. Along the axial direction a minimal modulation index of
β ≈ 1/2000 is observed.

For the current trap, typical compensation voltages are on the order of 60 - 80 V which lead
to electric fields of 150 - 200 V/m at the position of the ion. In standard linear Paul traps
(with endcap electrodes), driven by quarter wave resonators, also axial micromotion is present.
To compensate for this, the endcap voltages are imbalanced such that the ion is placed to the
RF nodal point. Optimized coupling strength ratios for all three directions of micromotion of
Ωcar
Ωmm & 500 are achieved. The uncompensated stray field in radial direction is therefore 120
mV/m.
The homogeneity of radial micromotion along the trap axis was investigated by shifting the

ion by 20 µm along the axis and optimizing the radial compensation voltages. Only a slight
change of 0.5 V of the compensation voltage was necessary to reach optimal parameters again.
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5.4. Micromotion compensation

Some field lines from the RF blade electrodes point to the endcap electrodes which causes
a shallow confinement along the axis. By comparing the q parameters in axial and radial
direction using the relations q = 2β

dk and q =
√

8ωr
ΩT

respectively, the ratio of the quadrupole
potentials can be calculated. This result shows that the trap creates nearly an ideal 2D
quadrupole potential with 99.6% of the RF potential curvature in the radial plane.
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5.5 Quantum logic spectroscopy

Quantum logic spectroscopy [75] is a technique that provides the ability to carry out experi-
ments with ions that lack suitable transitions for cooling and state detection. With the help
of a co-trapped “logic ion” (40Ca+ ) the “spectroscopy ion” (27Al+ ) can be sympathetically
laser-cooled. Furthermore the internal state of the spectroscopy ion can be transferred to the
internal state of the logic ion by coherent operations. The method uses coherent sideband
pulses that map an internal state to a motional state of a common motional mode and vice
versa.
At the beginning of the experiment both ions are prepared in the electronic and motional

ground state of a joint motional mode |0, gS , gL〉. Spectroscopy on the clock transition of the
spectroscopy ion creates a coherent superposition of the two clock states |0, gL〉 ⊗ {α |gS〉 +
β |eS(3P0)〉}. A π - pulse on the blue sideband of the intercombination transition maps the
ground state population to a phonon of a joint motional mode {β |0〉+ α |1〉} ⊗ {β |eS(3P0)〉+
α |eS(3P1)〉}⊗ |gL〉. A π- pulse on the red sideband of the clock transition of the logic ion maps
the motional state to the logic ions internal state |0〉 ⊗ {β |eS(3P0)〉 + α |eS(3P1)〉} ⊗ {α |gL〉 +
β |eL〉}. The electronic state of the logic ion α |gL〉 + β |eL〉 is detected via electron shelving.
The sequence described above is illustrated in figure 5.10.

S L S LS LS LS L

Spectroscopy BSB (S) Detection (L)
RSB (L)

|0⟩n |S⟩

|D⟩

|1S0⟩

|3P0⟩
|3P1⟩

|1⟩n

|0⟩n
|1⟩n

|0⟩n

I II III IV V

Figure 5.10: Quantum logic spectroscopy with an Al+−/Ca+− ion crystal. (I) The experiment
starts with both ions in the electronic and motional ground state of a joint motional mode. (II)
Spectroscopy on the clock transition of the spectroscopy ion. (III) Mapping of the ground state
population to a phonon of a joint motional mode. (IV) Mapping the motional state to the logic
ions internal state. (V) State detection via electron shelving.

During the measurements carried out in this work the out-of-phase axial mode at 1.596 MHz
was chosen for the state transfer since it is further away in frequency from the carrier and has
a much lower heating rate of only ∼ 0.8 phonons/s compared to the axial in-phase mode with
∼ 70 phonons/s .
The limit for the overall detection fidelity is given by the sum of different imperfect opera-

tions like state preparation, ground state cooling and the fidelity of the mapping pulses. The
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5.5. Quantum logic spectroscopy

biggest contribution comes from the imperfect blue sideband pulse on the intercombination
transition. The highest transfer probability for this π - pulse was ∼ 95%, mainly limited by
high frequency noise of the laser (see figure 4.23 & 4.24). Rabi oscillations on the blue sideband
and the carrier are presented in figure 5.11.
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Figure 5.11: a) Rabi oscillations on the blue out-of-phase mode sideband of the 1S0, mf =
5/2 ↔ 3P1, F = 7/2, mf = 7/2 transition measured by quantum logic spectroscopy. After
15 µs approximately 95% of the population is transferred to the excited state, which gives rise
to the baseline in the Ramsey patterns in chapter 6. The main limitation therefore is high
frequency noise of the probe laser (see main text). The error bars are calculated by quantum
projection noise for 50 experiments per data point. b) Rabi oscillations on the 1S0, mf =
5/2 ↔ 3P1, F = 7/2, mf = 7/2 carrier transition measured by quantum logic spectroscopy.
In this experiment, a laser pulse, resonant with the carrier transition, was applied prior to the
sideband pulse on the out-of-phase mode.

This assumption is justified by the fact that the contrast decreases further with higher
Rabi frequency. Therefore the Rabi frequency was chosen such that the maximum transfer
probability is achieved. The quantum logic experiments that were carried out, start with
the 40Ca+ ion being in the excited state. A blue sideband pulse followed by a fluorescence
detection provided a check if sideband cooling to the ground state was successful. For this
reason the QLS measurements show an inverted signal that starts at an excitation of 1.
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6 Measurements

The experimental results achieved in this work are presented in this chapter. It is structured
as follows: The first part (section 6.1) describes the experimental investigation of the sympa-
thetic cooling dynamics of aluminium and calcium ions which was published in New Journal of
Physics [73]. Theoretical modelling and numerical simulations of the sympathetic cooling dy-
namics can be found in the publication. In the next section (section 6.2) collective Ramsey ex-
periments with long ion strings were used to investigate the electrical quadrupole shift in a cal-
cium ion string. In section 6.3 an absolute frequency measurement of the 1S0 ↔ 3P1, F = 7/2
transition in 27Al+ via quantum logic spectroscopy with a 40Ca+ ion is described. Furthermore
the Landé g-factor of the 3P1, F = 7/2 state was determined. Section 6.4 concludes with a
first spectroscopic signal from the 1S0 ↔ 3P0 clock transition.

6.1 Sympathetic cooling

The method for detecting the presence of a hot ion in the trap (see section 5.1) provides
detailed information about the sympathetic cooling process. The experiments start with a
Doppler-cooled 40Ca+ ion with trapping frequencies of 2 MHz radially and 0.4 MHz axially.
After a waiting time of 10 ms two π - pulses on the S1/2, mj = −1/2 ↔ D5/2, mj = −3/2
and S1/2, mj = 1/2 ↔ D, mj = 3/2 transitions were carried out. The internal state of the
40Ca+ ion was detected by electron shelving. The sequence was repeated continuously with
50 experimental cycles per data point. In one experimental cycle an ablation pulse was fired
onto the target and the 394 nm photo-ionization laser was turned on with the goal of creating
a 27Al+ ion in the trap. As soon as a hot aluminium ion gets trapped it manifests itself as a
drop in excitation probability. Over time a trend to lower and lower excitation probabilities is
observed which results from the increasing heating rate the calcium ion experiences. Finally
the ions crystallize and the excitation probability recovers. The temporal evolution of the
excitation probability during the sympathetic cooling process is presented in figure 6.1.
The coupling strength Ωnn on a carrier transition outside the Lamb-Dicke regime depends

on the motional state of a vibrational mode and is given by Ωnn = Ω0 〈n| eiη(a+a†) |n〉. The
excitation probability of a laser pulse that corresponds to a π - pulse for an ion in the Lamb-
Dicke regime allows for inferences on the transferred motional quanta during the waiting time.
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6.1. Sympathetic cooling

The mean squared Rabi frequency can be approximated by

〈Ω2〉n̄ ≈ Ω2
0e

(−2η2n̄)I0(2η2n̄) (6.1)

with I0 being the modified Bessel-function of the first kind.
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Figure 6.1: Sympathetic cooling dynamics of a 27Al+ ion cooled by one 40Ca+ ion. a) D5/2
state excitation probability after a π - pulse on the S - D carrier transition. After a few seconds
(left dashed vertical line) a hot 27Al+ ion is created by an ablation pulse. The ions crystallize
after 1000 s of sympathetic cooling (right dashed vertical line). The D5/2 state population
shown as red (pink) dots results from binning 250 (50) experimental cycles. b) Energy of the
27Al+ ion calculated from the binned data in a). The dashed-dotted black line is the temporal
energy loss predicted by equation (6.3) with initial energy and cooling time adjusted to fit the
experimental data. c) and d) show the same type of signal as a) and b) respectively for a 27Al+
ion that was trapped for about 40 s before getting lost again.

The excitation probability of a laser pulse with a duration Ω0τ = π applied to an ion in a
thermal state is approximated by [73]

pn =
〈
sin(Ωnnτ/2)2

〉
≈ 1

Ω0
sin2

(
π

2

√
〈Ω2〉

n̄

)
. (6.2)

Thus the phonons transferred to the calcium ion during the waiting time and furthermore the
initial energy of the hot ion can be tracked back. To infer the initial energy of the aluminium
ion assumptions have to be made. The heating rate is expected to be spatially isotropic and
it is assumed that laser cooling dissipates all the transferred energy such that the calcium ion
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stays close to the Lamb-Dicke regime until the final stage of the cooling process. The latter
is confirmed by experiments with and without the waiting time before the π - pulses and
comparing the excitation probabilities. The excitation without the waiting time (grey data
points in figure 6.2 a) is largely close to one but drops at the end of the cooling process. For
the conversion of the excitation probability to a heating rate 250 experiment were binned to
reduce the influence of quantum projection noise. Sometimes it happened that a hot trapped
aluminium ion got lost after seconds to minutes. A possible explanation therefore are collisions
with the cooling ion that repartition the kinetic energy among the three spatial directions and
the ion escapes along a direction where the trap is not deep enough to confine it. Ions with
high kinetic energy might also explore unstable trapping regions.
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Figure 6.2: Sympathetic cooling dynamics of a 27Al+ ion cooled by one 40Ca+ ion with the
same type of curves as in figure 6.1. In this experiment the waiting time for every second
data point (grey dots in (a)) was omitted. It ensures that the transfer probability is still high
until the end of the cooling process. The error made by assuming that the calcium has zero
temperature at the beginning of each experiment is negligibly small (grey line in (b)).

According to a simple sypathetic cooling model, derived in [73] the temporal energy loss of
the hot ion is given by

E(t) = 3

√
E(0)3 −

(
t

τ

) 24mh

mc
E3
d , (6.3)

where E(0) is the initial energy of the hot ion, τ = 2π/ω is the oscillation period of the hot
ion and mh and mc are the masses of the hot and the cold ion, respectively. Ed = 1

2mhω
2d2 =

e2/4πε0d is an energy scale with d = (e2/2πε0mhω
2)1/3. The time that is needed to extract

all energy is expressed by [73]

τcool = mc

24mh

(
E(0)
Ed

)3
τ. (6.4)

The cooling time τcool shows a strong dependence on the initial energy of the hot ion. For a
hot aluminium ion with an initial energy of 1 eV and an oscillation frequency of ω = (2π) 1
MHz a cooling time of 5000 s is predicted, which is of the same order of magnitude as the
cooling time observed in figuere 6.2.
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Similar measurements were carried out to investigate the sympathetic cooling dynamics of
hot 40Ca+ ions as a function of the number of Doppler-cooled 40Ca+ ions present in the trap.
In the regime where the Doppler shift is much bigger than the detuning of the cooling laser
from resonance, simple models [76] predict cooling rates that scale only weakly with the energy
of the ion dE/dt ∼ 1/

√
E. Numerical estimates based on [76] predict cooling times of many

seconds to minutes for E0 = 0.1...1 eV for Doppler-cooling settings optimized for achieving low
temperatures. These predictions are confirmed by the experimental observations presented in
figure 6.3. A mean cooling time of 100 s is found for cooling one hot 40Ca+ ion by a cold
one, which is shorter than the cooling times for a hot 27Al+ ion but considerably longer than
what is expected from numerical simulations [73]. Shorter cooling times can be achieved by
adjusting the laser frequency to the Doppler shift during the cooling process.
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Figure 6.3: a) Distribution of sympathetic cooling times of a hot 27Al+ ion cooled by a 40Ca+

ion. The histogram shows 19 loading events at a bin size of 200 s. A mean cooling time of 600
s is observed. b) Distribution of the sympathetic cooling times of a 40Ca+ ions as function of
the number of refrigerant ions (also 40Ca+ ). The red circles indicate the individual cooling
times for each experiment. The black lines show the mean value for each data series with
calculated standard deviation error bars in grey. Assuming that the initial energy of the hot
ion is identical on average the average cooling time is expected to decrease inversely with the
number of ions (due the increased refrigeration power of the string).

The long sympathetic cooling times observed in these experiments are ascribed to the high
initial energy of the ions. One part of it is the kinetic energy of laser-ablated atoms. An
aluminium atom at a velocity of 1000 m/s has a kinetic energy of 0.14 eV. Since the sympathetic
cooling times scale as τ ∼ E3

0 , the initial energy E0 of ions loaded into the trap has to be kept
as low as possible. To a certain extent this can be done by a delay between ablation pulse
and the photo-ionization beam and therefore selecting the low velocity tail of the distribution.
Another contribution is the potential energy of an ion created off-center. An ion created at
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z = 500 µm in a conservative harmonic potential with an oscillation frequency of ωz/2π = 500
kHz exhibits a potential energy of Epot = 0.35 eV. It is currently not clear if the sympathetic
cooling times can be shortened by restricting the ion creation volume to a region around
the trap center. In the case of calcium this could be realized by two tightly focused PI beams
crossing at the trap center instead of co-propagating beams along the trap axis. For the slowest
aluminium atoms a cooling time of a few seconds is predicted [73] but cooling times shorter
than a minute were never observed experimentally. In this setup the ions can be created over
a rather long distance along the trap axis, which is assumed to be the limiting factor for the
cooling times.
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6.2 Ramsey correlation spectroscopy

The future of trapped ion optical frequency standards lies in spectroscopy of multi-ion entan-
gled states [12,34]. Contrary to the single ion case the spatial extension of an ion string is on
the order of 100 µm along the trap axis for typical trapping conditions.

Figure 6.4: EMCCD camera image of a string of eleven trapped calcium ions. The ions are
separated by ~ 4.4-6.5 µm.

Inhomogeneous magnetic and electric fields at the trap as well as the presence of other
ions lead to different systematic frequency shifts along the ion string. In the case of 40Ca+

ions the most dominant part is the electric quadrupole shift which can lead to a difference in
transition frequency up to 100 Hz from the inner to the outermost ions depending on the axial
confinement and the transition to be excited.
The shift arises from a non-spherical charge distribution of the D states that couples to

electric field gradients at the position of the ions. These electric field gradients are created by
the DC potential along the trap axis and the electric field from other ions present in the trap.
Detailed information about the electric quadrupole shift in 40Ca+ can be found in [34, 46, 77]
and references therein. The electric quadrupole moment of an atom in the electronic state
|γ, J 6= 0〉 is given by

Θ(γ, J) = −e 〈γ, J,mJ = J | |
N∑
i=1

r2
iC

(2)
0 (θi, ϕi)| |γ, J,mJ = J〉 (6.5)

It consists of the sum over all electrons with coordinates ri, θi and ϕi and the normalized
spherical harmonic C(2)

0 (θi, ϕi) =
√

4π
5 Y2,0(θi, ϕi). The Hamiltonian describing the interaction

of the electric quadrupole moment with the gradient of an external electric field denotes H =
∇E · Θ. The electric quadrupole moment of the D5/2 state of 40Ca+ was measured to be
Θ(3d, 5/2) = 1.82(1)ea2

0 [38] where a0 is the Bohr radius. The resulting frequency shift to first
order for a magnetic sub-level mj is given by [78,79]

∆νQ = 1
4h∇E ·Θ(γ, J)

J(J + 1)− 3m2
j

J(2J − 1) (3cos2β − 1) (6.6)

where β is the angle between the quantization axis and the electric field gradient. A calculation
of the electric quadrupole shift for a string of 40Ca+ ions is presented in figure 6.5. The ions
in the center of the ion string experience the strongest electric field gradients. Therefore the
electric quadrupole shift is biggest for the center ions.
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Figure 6.5: Calculated quadrupole shift of the D5/2,mj = 1/2, 3/2, 5/2 levels for a string of 20
ions at an axial confinement of 219 kHz and β = 0. The calculation uses equilibrium positions
at zero temperature. The electric field gradient from the presence of neighboring ions as well
as the static field gradient from a harmonic trapping potential was taken into account.

As long as these frequency shifts are well calibrated this does not form an obstacle to build
a multi-ion frequency standard. A way to measure the differences in transition frequency is
to perform collective Ramsey experiments with Ramsey times beyond the single ion coherence
time. During the Ramsey time the Bloch vectors rotate in the equatorial plane. Correlated
noise influences the rotation speed and thus washes out the average Bloch vector. A projection
of the Bloch vector onto the z-axis of the Bloch sphere leads to a time-dependent parity signal
between two ions. The parity signal arises from a measurement whether the z-components of
the two Bloch vectors are co- or anti-aligned. One of the outermost ions of the ion string is
used as a reference. Oscillations in the parity signal in time correspond to relative transition
frequency differences. Typical parity oscillations observed with this method are presented in
figure 6.6. The data was taken with the apparatus described in [29] since it is optimized to
work with long ion strings.
To separate the influence of an inhomogeneous magnetic field and the electric quadrupole

shift, different Zeeman transitions within the S1/2 ↔ D5/2 manifold as well as the RF transition
between the two S1/2 ground states were investigated. The experiments were carried out with
a string of 20 ions at an axial and radial confinement of 219 kHz and 2.7 MHz for a single
calcium ion respectively. The quantization magnetic field was about 4 G. The inhomogenities
in the magnetic field measured with the S1/2, mj = −1/2 ↔ S1/2, mj = +1/2 RF transition
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are presented in figure 6.7. The magnetic field gradient along the trap axis was compensated
with an anti-parallel coil pair.
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Figure 6.6: Parity oscillations of ions 2-12 correlated with ion 1 (blue curves) inferred from
Ramsey experiments on the S1/2, mj = +1/2 ↔ D5/2, mj = +5/2 transition with Ramsey
times up to 250 ms. The data consists of 4 individual scans with 50 cycles per data point.
The transition frequency differences with respect to ion 1 can be determined by a sinusoidal fit
(red lines). The data indicates a magnetic field gradient along the ion string since the electric
quadrupole shift is expected to be symmetric.

A curvature of the magnetic field, which arises from the non-Helmholtz configuration of
the magnetic field coils, is observed which leads to a parabolic distribution of the transition
frequency differences. The transition frequency differences along the ion string were fitted with
a second order polynomial and the residual frequency offsets from the fit were calculated (see
figure 6.7). The W-shaped distribution of the residuals could lead to the assumption that the
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origin of the residuals result from higher order terms in the quantization magnetic field.
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Figure 6.7: Frequency differences of ion 2-20 with respect to ion 1 (blue circles) inferred
from Ramsey experiments on the S1/2, mj = −1/2 ↔ S1/2, mj = +1/2 RF transition. The
magnetic field gradient was compensated with an anti-parallel coil pair. The parabolic shape
arises from a curvature of the magnetic field. The difference in the effective magnetic field
from the inner to the outermost ions is about 3 µG according to the linear Zeeman shift of about
2.8 MHz/G. The data is fitted by a second order polynomial (green circles) and the residual
frequency differences between the data points and the parabolic fit are presented in the lower
plot (red circles). Residuals of 1 Hz peak to peak are observed.

To investigate this, two approaches were made. First, the endcap voltages were imbalanced
which shifted the ion string by about 38 µm along the trap axis and the experiment was
repeated. The outcome was identical with the data taken at symmetric endcap voltages. A
further experiment was carried out at a higher quantization field of 5 G. Again no notable
changes with respect to the data presented in figure 6.7 were observed and therefore higher
order magnetic field terms could be ruled out.
A possible explanation for the residual transition frequency shifts can be the AC magnetic

field at 25 MHz generated by the trap drive [29]. The AC magnetic field off-resonantly couples
the Zeeman levels of ground S1/2, m↔ S1/2, m+ 1 and excited D5/2, m↔ D5/2, m+ 1 states
which leads to a shift in energy, analogously to the AC Stark shift. This effect is about an
order of magnitude stronger compared to the trap in lab 2 for identical radial confinements.
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6.2. Ramsey correlation spectroscopy

The lower AC-magnetic field-induced shift in the lab 2 setup can be explained by a higher trap
drive frequency of 32 MHz (larger detuning), a more symmetric wiring of the trap electrodes
and differences in the magnetic susceptibilities of the trap materials.
To investigate the electric quadrupole shift of the D states, Ramsey experiments on the 729

nm transition were carried out in the same way.

Ion number

Fr
eq

u
en

cy
 d

if
fe

re
n

ce
 (

H
z)

R
es

id
u

al
s 

(H
z)

Figure 6.8: Frequency differences of ion 2-20 with respect to ion 1 (blue circles) inferred from
Ramsey experiments on the S1/2, mj = 1/2 ↔ D5/2, mj = 5/2 transition. The observed
frequency shifts are in good agreement with the calculated quadrupole shifts (green circles).
The amplitude of the residuals of about 2 Hz is two times higher compared to the Zeeman
ground state data. The linear Zeeman shift of the transition frequency is approximately 2
MHz/G which is a factor of 1.4 smaller than the RF transition.

The contribution of the magnetic field curvature was scaled according to the Landé g-
factors and subtracted from the signal. The transition frequency differences inferred from
Ramsey experiments on the S1/2, mj = +1/2 ↔ D5/2, mj = 5/2, −3/2, −1/2 transitions are
presented in figures 6.8-6.10. The electric quadrupole shift observed in the experiments is in
good agreement with the calculated values. Slight errors in the calculation can arise from
the ion motion around the equilibrium positions. Since the electric field gradient around the
equilibrium positions is not constant, the mean electric field gradient experienced by the ions
differs from the case where the ions are at rest. Expected corrections therefore are on the
order of 10−2 of the total shift. Uncertainties in the angle between the quantization magnetic
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field and the electric field gradient are a further error source.
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Figure 6.9: Frequency differences of ion 2-20 with respect to ion 1 (blue circles) inferred from
Ramsey experiments on the S1/2, mj = 1/2 ↔ D5/2, mj = −3/2 transition. The observed
quadrupole shifts have a different sign and are a factor ∼3.5 smaller compared to the S1/2, mj =
1/2 ↔ D5/2, mj = 5/2 transition. The linear Zeeman shift of the transition frequency is
approximately -2.8 MHz/G. The amplitude of the residuals of about 2 Hz is almost identical
to the S1/2, mj = 1/2 ↔ D5/2, mj = 5/2 transition.

In all experiments using the optical transition, residuals of about 2 Hz amplitude were
observed which is a factor of 2 higher than the residuals using the RF transition. All residual
plots show a W-shaped feature which is more pronounced on the right-hand side, which is
where the RF blades are connected to the helical resonator. This gives rise to the assumption
that the residuals arise from the AC magnetic field produced by the trap, which is expected to
be stronger on this side. Finally, two experiments using the RF transition were carried out at
different radial confinements. In the second experiment the radial confinement was increased
from 2.7 MHz to 3.4 MHz. In the data set with a higher confinement the asymmetry on the
right-hand side became bigger (about 1 Hz) which confirmed the assumption that the observed
shift is due to the AC magnetic field produced by the trap drive. The corresponding data is
presented in figure 6.11.
The residual curves in the presented plots are unequally tilted. Since the current driver,

which is used to compensate the magnetic field gradient, is not temperature stabilized its
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6.2. Ramsey correlation spectroscopy

current output can vary according to changes in the room temperature and therefore can lead
to improper compensation of the field gradient.
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Figure 6.10: Frequency differences of ion 2-20 with respect to ion 1 (blue circles) inferred from
Ramsey experiments on the S1/2, mj = 1/2 ↔ D5/2, mj = −1/2 transition. The observed
quadrupole shifts are a factor ∼3 bigger compared to the S1/2, mj = 1/2 ↔ D5/2, mj = −3/2
transition. The linear Zeeman shift of the transition frequency is with -1.6 MHz/G the smallest
of all optical transitions interrogated. The amplitude of the residuals of about 1.5 Hz is slightly
smaller compared to the other two optical transitions.

In summary the method of correlated Ramsey experiments describes a relatively simple
but powerful method to investigate systematic frequency shifts in ion strings. The frequency
resolution depends on the number of data points taken and the maximum Ramsey time. Both
parameters have influence on the accuracy of the fits to the parity oscillations. While the
number of data points is just a matter of time, the maximum Ramsey time is set by the collision
rate with the background gas that leads to melting events of the crystal. For experiments with
mixed crystals where one species can be directly cooled during the interrogation, the upper
bound is given by the finite lifetime of the excited state. For the complete understanding of all
systematic effects more work is needed. Finite element simulations of the AC magnetic field
in the trap center with different electrode materials could lead to a more complete picture.
Furthermore, a calculation of the mean electric field gradient experienced by ions in an ion
string at a finite temperature would be instructive.
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Chapter 6. Measurements

With regard to a multi-ion frequency standard the inhomogeneous systematic frequency
shifts as well as the observed residual frequency offsets, point out the need of using ionic
species that are less sensitive to these kinds of systematic frequency shifts. In the case of
aluminium ions these effects are expected to be orders of magnitude smaller and could be
therefore disregarded.
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Figure 6.11: Frequency differences of ion 2-20 with respect to ion 1 at different RF confine-
ments inferred from Ramsey experiments on the S1/2, mj = −1/2 ↔ S1/2, mj = +1/2 RF
transition at radial confinements of 2.7 MHz (blue) and 3.4 MHz (red). Frequency differences
of up to 2 Hz are obtained.
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6.3 Precision spectroscopy on the 1S0↔ 3P1, F = 7/2 transition

To perform coherent operations with high fidelity on the 1S0 ↔ 3P0 clock transition in 27Al+

the ion has to be prepared in a certain mF ground state. This can be achieved by frequency-
resolved optical pumping via the 1S0 ↔ 3P1, F = 7/2 transition. In order to do this with
high efficiency it is necessary to have precise knowledge of the Zeeman transition frequencies
and therefore the Landé g-factors of ground and excited state. The g-factor of the ground
state is known very accurately [48] but for the excited state only the calculated value of
g3P1 F=7/2 ≈ 3/7, which neglects relativistic and nuclear corrections, is known. Expected
corrections from the nuclear contribution are on the order of ∼ 10−3. For typical magnetic
fields of ∼4 G this results in a frequency deviation of several 10 kHz between the two outermost
transitions. In order to derive the g-factor of the excited state, frequency measurements of the
1S0, mf = ±5/2 ↔ 3P1, F = 7/2, mf = ±7/2 transitions were carried out in the quantum
logic way. Using Ramsey‘s method of separated fields [5], the transition linewidth, which was
limited by the interaction time of the laser with the ion, could be reduced by a factor of ~ 2
compared to Rabi spectroscopy.
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Figure 6.12: Ramsey frequency scans on the 1S0, mf = 5/2 ↔ 3P1, F = 7/2, mf = 7/2
transition with 50 µs long π/2 - pulses and Ramsey times of a) 100 µs and b) 200 µs. The red
line is a simulation based on solving the optical Bloch equations. The simulation results are
rescaled to take into account the finite efficiency of the state-mapping procedure. Each data
point is the average of the results of 50 experimental cycles.

The 729 nm clock transition in 40Ca+ was used as a frequency reference and allowed one to
calibrate the magnetic field at the position of the ions (see section 5.3). Therefore Ramsey ex-
periments with a Ramsey time of 2 ms were performed on the S1/2, mj = ±1/2 ↔ D5/2, mj =
±3/2 transitions. To speed up the measurements, only Doppler-cooling was performed for the
calcium interrogation. On each of the two calcium transitions two data points were taken with
phases of the second Ramsey pulse of ±π, respectively. Each data point consists of 100 experi-
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mental cycle. With this, the frequency offset between 729 nm laser and the transition as well as
the magnetic field can be determined. With precise knowledge of the 729 nm laser frequency,
the repetition rate of the frequency comb, which was referenced to the GPS disciplined OCXO
during the measurements, can be recalculated and therefore allows one to calculate the 267 nm
laser frequency from its fundamental frequency at 1068 nm. In order to measure the frequency
offset between the 267 nm laser and the probed atomic transition, Ramsey experiments on
the 1S0, mf = ±5/2 ↔ 3P1, F = 7/2, mf = ±7/2 transitions were carried out subsequently.
Each transition was interrogated with four measurements with phases of the second pulse of
0, π/2, π and −π/2. Each data point consists of 100 experimental cycles. The four phases
of the second pulse enable a reconstruction of the Bloch vector, which is important when the
laser drifts and the transitions are not probed on the slopes of the center fringe any more. The
measurements were carried out in the following order:

1. Al 1S0, mf = ±5/2 ↔ 3P1, F = 7/2, mf = ±7/2 φ = 0

2. Al 1S0, mf = ±5/2 ↔ 3P1, F = 7/2, mf = ±7/2 φ = π/2

3. Al 1S0, mf = ±5/2 ↔ 3P1, F = 7/2, mf = ±7/2 φ = π

4. Al 1S0, mf = ±5/2 ↔ 3P1, F = 7/2, mf = ±7/2 φ = −π/2

5. Ca S1/2, mj = +1/2 ↔ D5/2, mj = +3/2 φ = π/2

6. Ca S1/2, mj = −1/2 ↔ D5/2, mj = −3/2 φ = −π/2

7. Ca S1/2, mj = −1/2 ↔ D5/2, mj = −3/2 φ = π/2

8. Ca S1/2, mj = +1/2 ↔ D5/2, mj = +3/2 φ = −π/2

In total, one set of measurements consists of 50 repetitions of the sequence described above.
For each stretched Zeeman transition on the aluminium 4 data sets were taken (8 in total)
with Ramsey times on the aluminium of either 100 µs or 200 µs. The latter increases the slope
by a factor of 1.6 compared to the 100 µs data. The spectroscopy laser intensities for both
species were adjusted to π/2 - times of 50 µs in order to keep AC Stark shifts from the probe
laser low. Ramsey frequency scans on the aluminium transition and numerical fits of those for
both Ramsey times are presented in figure 6.12. The visibility of the fringes is mainly limited
by imperfect state detection. The Ramsey contrast on the intercombination transition as a
function of the Ramsey time is presented in figure 6.13. For Ramsey times up to 100 µs the
contrast is mainly limited by high frequency noise of the laser. For longer Ramsey times the
contrast is at its theoretical limit which is given by the natural lifetime of the excited state
(305 µs).
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Figure 6.13: Ramsey contrast on the 1S0, mf = 5/2 ↔ 3P1, F = 7/2, mf = 7/2 carrier
transition measured by quantum logic spectroscopy (blue data points). An overall contrast
reduction of 10% results from imperfect mapping pulses. For Ramsey times between 1 µs and
100 µs the contrast suffers from high frequency noise of the laser (see also figure 5.11). For
Ramsey times beyond 100 µs the contrast is at the theoretical limit, set by the natural lifetime
of the excited state. The red line indicates an ideal Ramsey contrast, only limited by the natural
lifetime of the excited state and imperfect state detection.

Frequency offset correction (Hz)

R
es

id
u

al
 f

re
q

u
en

cy
 d

if
fe

re
n

ce
  (

H
z)

0

20

40

60

80

100

-20

-40

-60

-80

-100
-2000 0 2000 4000

Figure 6.14: Residual frequency differences. The y axis presents the residuals of the 8 frequency
data sets, extrapolated to B = 0. The inferred frequency offset between laser and transition
is shown on the x axis. The scatter of the data points leads to a statistical uncertainty of 30
Hz (1σ) according to the standard deviation. Laser frequency variations during the experiment
could lead to an error of up to 12 Hz. Therefore a total uncertainty of 42 Hz is assumed.
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For the evaluation the Ramsey experiments on both ions and the comb measurements were
averaged separately and the errors were summed up. Data points where the comb measurement
was not reliable were omitted. The error bars of each data set are calculated from the scatter
of the 50 reconstructed transition frequencies. The error bars are slightly bigger than what
is expected from quantum projection noise. Plotting the 8 mean transition frequencies versus
the mean magnetic field and interpolating the data linearly to B = 0 leads to the transition
frequency. The residual frequency differences of the 8 data sets are presented in figure 6.14.

Systematic frequency shifts

In the following section a summary of the relevant frequency shifts of both transitions is given.
In view of the spectral width of the transition, only significant frequency shifts are considered.
Systematic effects with shifts and uncertainties that are expected to be substantially smaller
than 1 Hz are briefly mentioned at the end for the sake of completeness. A detailed evaluation
of all relevant frequency shifts of the 729 nm transition can be found in [34] and references
therein.

729 nm reference

There are three absolute frequency measurements of the S1/2 ↔ D5/2 transition in 40Ca+

mentioned in literature. The mean frequency with a conservative estimate of its uncertainty
is 411 042 129 776 396.6(8.7) Hz. In order to ensure that there is no overlooked systematic
frequency shift on the 729 nm transition which would distort the results, a transition frequency
comparison between single calcium ions in lab 1, lab 2 and the university was made. For this
purpose Ramsey experiments on the S1/2, mj = ±1/2 ↔ D5/2, mj = ±3/2 transitions with a
Ramsey time of 3 ms were carried out in each experiment to measure the frequency difference
between the 729 nm laser and the ions. The frequency difference between the two 729 nm lasers
in lab 1 and the university was recorded with an optical beat note between them. Therefore
the 729 nm light from the university was sent via a noise-cancelled, 400 m long optical fiber
to lab 1. The transition frequency difference between the labs for a measurement duration of
6 hours is presented in figure 6.15. Putting everything together the S1/2 ↔ D5/2 transition
frequencies in all three experiments agreed well within 1 Hz. Consequently an additional
uncertainty of 1 Hz of the S-D transition frequency is taken into account for the evaluation of
the 1S0 ↔ 3P1, F = 7/2 transition frequency in in 27Al+.
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Figure 6.15: Comparison of the 729 nm transition frequencies in lab 1, lab 2 and the linear trap
experiment at the university, inferred from Ramsey experiments on the S1/2, mj = ±1/2 ↔
D5/2, mj = ±3/2 transitions with a Ramsey time of 3 ms for a period of 6 hours. The 729
nm light from the university lab was sent along a 400 m long path-length stabilized optical
fiber and the frequency difference was detected via an optical beat note in lab 1. The data
points represent the measured frequency difference without any correction of systematic effects.
Taking different electric quadrupole shifts into account, all three signals agree well within 1 Hz.
The residual deviations can be explained by slightly different quadratic Zeeman shifts, different
AC Stark shifts caused by black body radiation and a gravitational shift ∆ν

ν = g4h
c2 of 0.2 Hz

from an elevation difference of 4h = 4.5 m between the IQOQI labs and the university lab [34].
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Electric quadrupole shift

The electric quadrupole shift has two contributions. First the electric field gradient resulting
from the axial confinement and second an additional electric field gradient resulting from the
presence of the second ion. The combined first- and second-order shift on the S1/2, mj =
±1/2 ↔ D5/2, mj = ±3/2 transition is calculated to be 2.7(0.003) Hz for the confinement
used during the experiments. The error is dominated by the uncertainty of the ion to ion
distance.
Since electronic states with J > 1/2 can have a finite electric quadrupole moment [14], the

3P1 state in 27Al+ can be also shifted in energy. The electric quadrupole moment of the 3P1

state is not known. Although it is expected to be small, a conservative estimate of <1.5ea2
0

is made. An upper bound of the shift can be calculated by using equation 6.4 and assuming
electronic states 3P1, J = 1, mj = ±1 and therefore ignoring the nuclear spin. This would lead
to frequency shifts < 11.25 Hz. Even though the sign of the shift (-) is known, a symmetric
error is given.

Second order Zeeman shift

Coupling of the D5/2, mj = ±3/2 levels in 40Ca+ with the corresponding sublevels of the D3/2

state introduces a small quadratic frequency shift, which can be calculated by second order
perturbation theory to [80]

4ν = κ
(µBB)2

h2νFS
(6.7)

where νFS is the fine structure splitting, Jm is the larger one of the J numbers and a constant
κ = (Jm−L+S)(Jm+L−S)(L+S+1+Jm)(L+S+1−Jm)

4J2
m(2Jm−1)(2Jm+1) (J2

m −m2
j ) depending on the magnetic sublevel

mj . For an average magnetic field of 4.0464(1) G during the measurements the mj = ±3/2
levels (κ = 4/25) were up-shifted by 2.821(0.005) Hz.

The quadratic Zeeman shift of the 3P1, F = 7/2, mf = ±7/2 levels in 27Al+ can be de-
termined in a similar way. All levels besides the 3P0 and 3P2 states are separated by optical
frequencies and therefore do not contribute significantly. Since the 3P0 does not have any
F = 7/2 components, only the coupling to the 3P2 state needs to be considered. With a fine
structure splitting of 3.71(1) THz [54] the 3P1, F = 7/2, mf = ±7/2 levels (κ = 1/4) were
down-shifted by 2.16(1) Hz. The error is due to the uncertainty in the hyperfine splitting
which is expected to be less than 10 GHz.

Minor Frequency shifts

There are several systematic effects which shift both transition frequencies by negligible amounts.
For the sake of completeness they are briefly mentioned. During the Ramsey experiments all
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laser fields are turned off by switching off the RF that drives the AOMs in the corresponding
paths. Each path consists of a double pass and a single pass AOM. The combined attenuation
of the transmitted light is about 90 dB. There are two sorts of stray light that still reach the
ions, either stray light from the zero order beam of the AOM or light that is close to resonance
resulting from insufficiently switching off the RF. Resulting AC Stark shifts from all involved
lasers as well as from black body radiation are expected to be well below 1 Hz [81]. The Stark
shift contribution from the ion‘s thermal motion and micromotion, leading to the experience
of a non zero mean-squared electric field, is on the order of a few mHz [34]. The second order
Doppler shift caused by the secular motion of the ions is of the same size. The gravitational
shift resulting from an elevation difference between the calcium and the aluminium ion of less
than 10 µm is below 1 µHz. The Ramsey phase error resulting from the finite phase resolution
of the pulse box is also well below 1 Hz. Slight variations in the Ramsey contrast of the
S1/2, mj = ±1/2 ↔ D5/2, mj = ±3/2 transition are negligible. The Ramsey contrast on the
aluminium transition is known for each interrogation because of the four different phases of
the second Ramsey pulse. All significant frequency shifts are listed in table 6.1.

Effect Ca shift (uncertainty) [Hz] Al shift (uncertainty) [Hz]

Literature 0 (8.7) - (-)

Lab comparison 0 (1) - (-)

2nd order Zeeman +2.821 (0.005) -2.16 (0.01)

Electric quadrupole -2.7 (0.003) 0 (11.25)

Statistics - (-) 0 (42)

Total shift +0.121 (10) -2.16 (54)

Table 6.1: Error budget of both transition frequencies. Significant systematic frequency shifts
and their uncertainties are presented in units of Hz. The individual shifts are added up, the
uncertainties are added and rounded up to an integer number. Shifts and uncertainties in the
729 nm transition are up-scaled with respect to the frequency ratio of both transitions and
added to the 267 nm transition error budget. Treating the uncertainties of both transitions as
independent errors leads to a combined uncertainty of 61 Hz.

Putting everything together the absolute frequency of the 1S0 ↔ 3P1, F = 7/2 transition
in 27Al+ is 1 122 842 857 334 691(61) Hz. The uncertainty is well below the natural linewidth
of the transition.
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Determination of the Landé g-factor

The set of 8 frequency measurements provides four frequency values for each of the 1S0, mf =
±5/2 ↔ 3P1, F = 7/2, mf = ±7/2 transitions. From this, the mean values for each transition
frequency are calculated. The statistical error bars are calculated by the standard deviation.
The Landé g-factor of the excited state is inferred from the frequency difference of the two
transitions, and the magnetic field which was calibrated with 729 nm transition.
The ion trap creates an AC magnetic field at 32 MHz at the position of the ions. The

magnetic field, calibrated by the Zeeman splitting of the S1/2, mj = ±1/2 ↔ D5/2, mj = ±3/2
transitions in 40Ca+, increases by 9.7(1.2) µG/W when increasing the RF power, going into
the helical resonator. This effect is expected to be smaller for aluminium since the Zeeman
splitting of ground and excited state is smaller compared to the case of calcium. During the
experiments the trap was operated at 1 W. Since this effect is rather small (∼ 10−6), it is not
taken into account. Consequently a conservative error is given. The magnetic field gradient
along the trap axis of 29(8) mG/m, which was calibrated by Ramsey correlation spectroscopy
with a string of calcium ions, is also negligibly small. Finally the Landé g-factor yields to
g3P1,F=7/2 = 0.42884(1). The measured value is 0.06 % bigger than the calculated value of
3/7.
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6.4 Observation of the 1S0↔ 3P0 clock transition

At the end of this work a first signal of the clock transition in 27Al+ was observed. To detect
the electronic excitation of the 1S0 ↔ 3P0 clock transition, a 1 ms long excitation pulse was
introduced into the experimental sequence directly before the quantum logic state mapping
happens. In the case of no excitation on the clock transition the blue sideband pulse on
the intercombination transition can be carried out and the resulting phonon gets mapped to
the internal state of the calcium which is detected by electron shelving. In the case of the
aluminium ion being in the excited clock state, the blue sideband pulse on the intercombination
transition will remain without consequences.
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Figure 6.16: Excitation spectrum on the 27Al+ 1S0, mf = −5/2 ↔ 3P0, mf = −3/2 clock
transition observed via quantum logic spectroscopy with a co-trapped 40Ca+ ion. With 1 ms long
excitation pulses a state change probability of ~ 0.9 was achieved on resonance. Consequently
the pulse area on resonance was about π. Each data point consists of 20 experimental cycles.
The error bars are calculated from quantum projection noise. The spike at -2.5 kHz arises
from a collision of one of the ions with the background gas (observed on the EMCCD camera).
The small spikes can be explained by poor statistics. The red line is a Fourier transform of the
excitation pulse.

Since no method to initialize the aluminium ion in the ground state was used so far, the
aluminium ion is either in the ground or the excited state at the beginning of each experimental
cycle. Therefore it is useful to look at the state change probability from shot to shot. An
excitation spectrum is presented in figure 6.16. The 1S0, mf = −5/2 ↔ 3P0, mf = −3/2
transition was driven with a sigma polarized beam along the quantization axis. In order to
get rid of false detections where ground state cooling was not successful, each experiment was
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repeated twice while during the second run the clock laser was turned off. Only experiments
with the same outcome contribute to the signal. However, collision events with the background
gas can lead to false counts since the outcome of the state detection is random if the ions are not
crystallized. The spectral width of the peak of about 800 Hz FWHM is Fourier-limited. The
laser beam with a power of 1.5 mW was focused to a Gaussian beam waist of 65 µm FWHM
at the ion. The corresponding Rabi frequency in the center of the beam was estimated to a
few kHz. During the experiments involving the clock transition the formation of AlH+ ions
was observed after 15 minutes on average. At experiments only using the intercombination
transition this was rarely a problem. A possible explanation therefore is that the chemistry
only occurs when the ion is in the excited state. The time which the ion spends in the excited
state is about 50% for the clock transition and about 0.1% for the intercombination transition.
The AlH+ionic molecule can be photo-dissociated with two pulsed lasers at 360 nm and 266
nm [82] but not with the lasers available, which requires to release the ions and reload a mixed
ion crystal.
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7 Summary and outlook

The work presented in this thesis covers a large amount of technical work as well as three
publications in the field of precision spectroscopy and atomic physics.
The technical part describes the construction of a new ion trap which was optimized for

precision spectroscopy. Furthermore, a total of eleven laser systems were set up for the means
of precision spectroscopy with trapped aluminium and calcium ions.
The main scientific results of this work cover three major topics: During the implementation

of laser ablation loading of ions a technique to detect the presence of a hot ion in the trap was
developed. This method provides information of the sympathetic cooling dynamics and allows
us to trace back the initial energy of the hot ion. Statistical analysis of the sympathetic cooling
times were carried out. Furthermore the limitations for the cooling times were discussed and
different strategies to decrease the cooling times were pointed out.
Moreover, a method to investigate systematic frequency shifts in an ion string was developed.

With ion strings containing up to 20 40Ca+ ions, Ramsey experiments with Ramsey times
up to 300 ms were carried out. Oscillations in the parity signal between two ions give some
indication about their difference in transition frequency. Thereby relative systematic frequency
shifts between the ions could be determined with sub-Hertz resolution. This method allows
one to investigate the homogeneity of the quantization magnetic field along the ion string with
high resolution which is important for multi-ion frequency standards. The main focus was
to investigate the electric quadrupole shift, which is the biggest systematic frequency shift
in calcium ion strings for typical experimental parameters. Meanwhile another systematic
effect, the AC Zeeman effect, emerged, which caused frequency shifts up to 2 Hz among the
calcium ions and needs further investigation for a complete understanding. Finite element
simulations of the AC magnetic field, produced by the trap drive, at the position of the ions
would be useful. In conclusion a powerful method to investigate systematic frequency shifts
in ion strings was presented.
Once a mixed crystal could be loaded, the two optical transitions in 27Al+ were observed

via quantum logic spectroscopy with a co-trapped 40Ca+ ion. The frequency of the 1S0 ↔
3P1, F = 7/2 transition was measured and the g-factor of the excited (g3P1 F=7/2) state was
determined using the clock transition in 40Ca+ as a frequency reference and a magnetic field
sensor. The transition frequency was measured with an accuracy well below the natural
linewidth of the transition, using Ramsey‘s method of separate oscillatory fields.
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Chapter 7. Summary and outlook

Finally the 1S0 ↔ 3P0 clock transition in 27Al+ was observed via quantum logic spec-
troscopy, which was the second time worldwide to my knowledge.
During experiments using the clock transition the formation of AlH+ molecular ions, which

can not be photo-dissociated with the lasers present in the lab, became an obstacle since it is
time consuming to load another mixed ion crystal. This molecular ion can be photo-dissociated
with two pulsed lasers at 360 nm and 266 nm [82] which would make the work much more
efficient. The 266 nm light could be produced by frequency doubling of the ablation laser at
532 nm.
So far, the internal state of the 27Al+ ion was detected via quantum logic spectroscopy via

the intercombination transition. The detection fidelity is limited by high frequency noise of
the diode laser which drives the transition and should be replaced by either a laser diode that
allows for a faster feedback or a fiber laser which is intrinsically more stable. This would also
improve the fidelity of the pump pulses and therefore make optical pumping more efficient.
Other detection methods like [83] that do not rely on sideband cooling and could speed up

the measurements and enhance the detection fidelity. Sympathetic cooling of the aluminium
ion during longer interrogations could reduce melting events of the ion crystal caused by
collisions with the background gas. Faster recrystallization can be achieved by lowering the
trapping confinement for a short amount of time after a collision.
Efficient cooling of the radial modes is crucial for coherent operations on the 4m = 0

transitions in 27Al+ in this setup. Sympathetic Raman [11] or EIT cooling could help to cool
the ion crystal to a near 3D ground state. Furthermore these cooling techniques allow one
to reduce uncertainties in motional frequency shifts and therefore make aluminium ion clocks
operating at the 10−19 level possible [11].
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A Appendix

Table of fundamental constants according to CODATA [84].

Quantity Symbol Numerical value Unit

speed of light in vacuum c 299792458 m/s

magnetic constant µ0 4π · 10−7 N/A2

electric constant 1/µ0c2 ε0 8.854187817...× 10−12 F/M

Newtonian constant of gravitation G 6.67408(31)×10−11 m3/kg · s

Planck constant h 6.626070040(81)× 10−34 J · s

h/2π ~ 1.054571800(13)× 10−34 J · s

elementary charge e 1.6021766208(98)× 10−19 C

magnetic flux quantum h/2e Φ0 2.067833831(13)× 10−15 Wb

conductance quantum 2e2/h G0 7.7480917310(18)× 10−5 S

electron mass me 9.10938356(11)× 10−31 kg

proton mass mp 1.672621898(21)× 10−27 kg

proton-electron mass ratio mp/me 1836.15267389(17)

fine-structure constant e2/4πε0~c α 7.2973525664(17)×10−3

inverse fine-structure constant α−1 137.035999139(31)

Rydberg constant α2mec/2h R∞ 10973731.568508(65) 1/m

Avogadro constant NA 6.022140857(74)× 1023 1/mol

molar gas constant R 8.3144598(48) J/mol ·K

Boltzmann constant R/NA kB 1.38064852(79)× 10−23 J/K

Stefan-Boltzmann constant (π2/60)k4/~3c2 σ 5.670367(13)× 10−8 W/m2 ·K4

electron volt (e/C) J eV 1.6021766208(98)× 10−19 J

(unified) atomic mass unit 1
12m(12C) u 1.660539040(20)× 10−27 kg
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B Journal publications

• M. Guggemos, D. Heinrich, O. A. Herrera-Sancho, R. Blatt, and C. Roos. Sympathetic
cooling and detection of a hot trapped ion by a cold one. New Journal of Physics,
17(10):103001, 2015.

• M. Guggemos, D. Heinrich, O. A. Herrera-Sancho, R. Blatt, and C. F. Roos. Quantum
logic spectroscopy with a 27Al+ / 40Ca+ ion crystal (to be submitted to NJP)

• M. Guggemos, C. Hempel, R. Blatt, and C. F. Roos. Ramsey correlation spectroscopy
with long ion strings (to be published)
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