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Abstract

This thesis reports about measurements of fluorescence light of a single Barium ion
using various interference techniques. For that purpose a Barium ion is trapped in a
spherical Paul trap and cooled with laser light. The fluorescence light of this ion is
emitted on its Pyjy — Sy/p transition at 493 nm and detected with a single photon
counting setup.

The objectives of the experiments are to investigate the spectrum of the fluorescence
light, especially the effects of the ion’s motion in the trap on the spectrum, and to
study the interaction between the ion and a part of its fluorescence light which is
reflected and focused back onto the ion.

The trapped ion is excited with two lasers on its Si/; < Py and Dgjp < Pyjo
transitions in order to continually observe fluorescence. By comparing a measured
excitation spectrum of the trapped ion with a calculation based on optical Bloch
equations, the parameters of the laser excitation, such as detunings, intensities, and
linewidths, are characterized. In these spectra, narrow spectral features, so-called dark
resonances, are observed which indicate Raman transitions between the S, /o and D3y
states. Furthermore, the collection efficiency of the detection channel that is used can
be also determined.

In the first part of the thesis the spectrum of the resonance fluorescence is measured
utilizing a heterodyne detector. The coherently scattered part of the fluorescence
light is detected with a linewidth of 61 mHz (Fourier limited) relative to the exciting
laser. Sidebands due to the micro-motion and the macro-motion of the ion are also
detected. The cooling rate of the ion is determined from the width of the macro-motion
sidebands.

The second main part of this thesis is the interference experiment of an atom with its
mirror image. The fluorescence is collected within a solid angle of 4% and collimated
with a lens. This light beam is reflected back onto the ion with a mirror. This
mirror is adjusted such that the ion and its mirror image are superimposed. The light
intensity in the opposite direction is measured with a photo-multiplier as a function
of the distance between ion and mirror. While scanning this distance, interference
fringes are recorded. Furthermore, by observing the fluorescence at 650 nm from
P12 — D3/, transition, the influence of the back reflected light on the internal state
of the atom is demonstrated. This experiment is also carried out with two ions, where
both ions interact via their fluorescence light which is transferred by the mirror. The
fundamental processes that appear when an atom is placed in a structured dielectric
environment or in the close vicinity of another atom, such as inhibited or enhanced
spontaneous emission and sub- and super-radiance, are all observed in this experiment.






Zusammenfassung

Diese Arbeit berichtet tiber die Analyse des Fluoreszenzlichts einzelner Ionen mit
Hilfe interferometrischer Messtechniken. Dazu wird ein Barium-Ion in einer Paulfalle
gespeichert und mit Laserlicht gekiihlt. Das Fluoreszenzlicht, welches das Ion wird
auf dem Py — Sip ﬁbergang bei 493 nm emittiert, wird mit Hilfe eines Photo-
nenzahlaufbaus detektiert.

Ziele dieses Experiments sind die Untersuchung des Spektrums des Fluoreszenzlichts,
insbesondere die Auswirkungen der Bewegung des Teilchens in der Falle auf das Spek-
trum, und das Studium der Wechselwirkung eines Ions mit einem Teil seines Fluo-
reszenzlichts, welches von einem Spiegel zuriickreflektiert wird.

Um kontinuierlich Fluoreszenz zu beobachten wird das lon mit zwei Lasern auf seinen
Si/2 < Pypp und D3jp < Pyjp Ubergéingen angeregt. Tragt man die Fluoreszenz-
intensitit gegen die Laserverstimmung auf (Anregungsspektrum), beobachtet man in
diesen Spektra sogenannte Dunkelresonanzen, welche ein Zeichen fiir Ramaniibergange
zwischen dem S, /» und dem D3/, Niveau sind. Die Anpassung der optischen Blochgle-
ichungen an die gemessenen Spektra erlaubt die Bestimmung der Intensitaten, Ver-
stimmungen und Linienbreiten der verwendeten Laser. Auflerdem kann die Sammel-
effizienz der Detektionskanale bestimmt werden.

Das Spektrum der Resonanzfluoreszenz wird mit Hilfe eines Heterodyndetektors gemes—
sen. Der kohérent gestreute Anteil des Fluoreszenzlichts wird mit einer Linienbreite
von 61 mHz (fourierlimitiert) relativ zum anregenden Laser nachgewiesen. Dariiber
hinaus werden die Seitenbander der Mikrobewegung und der Makrobewegung im Spek-
trum beobachtet. Aus der Breite der Seitenbander der Makrobewegung wird die
Kiihlrate des Ions bestimmt.

Die Untersuchung der Interferenz eines lons mit seinem Spiegelbild wird im zweiten
Teil der Arbeit behandelt. Das Fluoreszenzlicht wird mit einem Objektiv in einem
Raumwinkel von 4% aufgesammelt und kollimiert. Dieser Lichtstrahl wird mit einem
Spiegel auf das Ion zurtickreflektiert. Die Lichtintensitat in die dem Spiegel entge-
gengesetzter Richtung wird mit einem Photomultiplier als Funktion des Abstandes
zwischen Ion und Spiegel gemessen. Wird dieser Abstand verdndert, werden Inter-
ferenzstreifen beobachtet. Der Spiegel verandert das Vakuumfeld am Ort des Ions,
wodurch die spontane Emissionsrate modifiziert wird. Um diese Wechselwirkung
nachzuweisen wird gleichzeitig die Fluoreszenz bei 650 nm auf dem P/ — D3/
Ubergang als Funktion des Spiegelabstandes nachgewiesen. Somit kann die Besetzung
des Py Zustandes in Abhéangigkeit der Spigelposition direkt gemessen werden. Dieses
Experiment wird auch mit zwei Ionen durchgefiithrt. Dabei wechselwirken beide Ionen
iiber das Fluoreszenzlicht. In Diesem Experiment konnen alle Prozesse die auftreten,
wenn ein Atom sich in einer strukturierten dielektrischen Umgebung oder in der Néhe
eines anderen Atoms befindet, beobachtet werden.
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1 Introduction

A single fluorescing atom is the most fundamental light source that can be imagined,
and it is theoretically well understood. With the invention of Paul traps [1] and laser
cooling [2, 3], it became possible to realize experimentally a single atom well isolated
from perturbations through the environment [4,5], and to investigate its resonantly
scattered light.

Analysis of the properties of fluorescence light leads to new insights into the interaction
between atoms and light, and to a better understanding of the underlying quantum
mechanics. Some of these unique properties can be observed in the non-classical inten-
sity correlation function [6,7] and quadrature-squeezing [8]. The intensity correlation
function ¢ (7), i.e. the probability of detecting a photon at the time t + 7 after
one other photon was detected at time ¢, is never smaller than one for classical light
sources [9,10]. The first measurement of a ¢g?(7) intensity correlation function of
a thermal light source was performed by H. Brown and R.Q. Twiss [11] with light
from a mercury lamp. It showed higher probability for finding two photons with a
very short time delay than for longer temporal separation, i.e. ¢®(7) > 1 for small
7 (bunching). Calculations of the intensity correlation function of fluorescence light
for a single atom, however, showed that it can be smaller than one and for 7 = 0 it
is ¢»(0) = 0 [12-14] (anti-bunching). Indeed, experiments with dilute atomic beams,
where on average only one atom is in the detection zone [15-17], showed anti-bunching
for short times 7. However, for these experiments it was necessary to average over a
large number of atoms, because the time that one atom stayed in the detection zone
was not sufficiently long to record the intensity correlation function with high signal
to noise ratio.

Measurements with the fluorescence light of a single trapped atom stored in a Paul
trap have been performed by Diedrich et al. [6] and Schubert et al. [7]. These ex-
periments confirmed the absolute minimum of the ¢®(7) = 0 intensity correlation
function at the time 7 = 0.

While the ¢ (7) intensity correlation function is the second order correlation func-
tion of the fluorescence light field, other aspects of the light-matter interaction can
be learned by investigating the first order correlation function ¢(V)(7) and its Fourier
transform, the spectrum of the fluorescence light. First calculations of the fluorescence
spectrum were reported by Weisskopf [18] and revealed that for low driving intensi-
ties the spectrum consists of a very narrow feature, much narrower than the natural
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linewidth. The complete spectrum of resonance fluorescence for a two-level system
was calculated by Mollow [19] for all values of the laser intensity. In the low intensity
limit these calculations confirmed the narrow spectrum, known as Rayleigh scattering,
while for intensities near saturation the spectrum consists of the Rayleigh scattering
and one broader line whose width equals the natural linewidth. For high driving in-
tensities, the Rayleigh scattering vanishes and the spectrum is split into three broad
peaks, the Mollow triplet. Similar calculations have been made for multi-level atoms
and showed that the spectrum reveals similar properties as in the two-level case. For
low light intensities, Rayleigh scattering dominates and in the strong field limit, the
spectrum consists of several broad peaks.

Spectrally resolved measurements of fluorescence light were performed with atomic
Sodium beams by Schuda et al. in 1974 and later by Wu and Hartig et al. [20-22].
These measurements showed reasonable agreement with the predicted spectrum. Due
to the limited interaction time of the atoms with the laser and due to the Doppler shift,
the width of the Mollow triplet was broadened. These measurements also showed that
the width of the Rayleigh peak is substantially smaller than the natural linewidth.
Measurements with single trapped Barium ions were performed by Schubert et al. [23]
and Stalgies et al. [24] and showed good agreement with the calculated spectra. The
observed width of the Rayleigh scattering was limited in these measurements by the
resolution of the spectrum analyzer, which was a Fabry-Perot interferometer with a
linewidth of several MHz.

High resolution measurements of the scattered light can be performed using a hetero-
dyne setup, where the fluorescence light is superimposed with a local oscillator beam
at a slightly different frequency. With this setup, the spectral distribution of light
frequencies is converted into the radio frequency regime and can be detected with an
rf spectrum analyzer which can have a resolution well below 1 Hz. The fluorescence
spectrum of Sodium atoms trapped in optical molasses was investigated in this way
by Westbrook et al. [25] showing a Rayleigh peak with a linewidth of 70 kHz. Later
Hoffges et al. [26] observed a 6 Hz peak in the fluorescence spectrum of a single trapped
Magnesium ion.

This high resolution allows investigation of another aspect of the light-atom interaction
inside the trap, that is the cooling of the atom through laser light. The oscillation of
the trapped ion manifests itself in sidebands of the fluorescence spectrum. These can
be very well resolved in the coherent Rayleigh scattering. The relative strength of the
sidebands to the carrier is a measure for the amplitude of the oscillation, i.e. the tem-
perature of the atom can be derived. The cooling rate, i.e. the damping rate through
laser cooling, can be determined directly from the width of the sidebands [27,28].
Jessen et al. first investigated the influence of the motion of Rubidium atoms stored
in optical molasses onto the spectrum of resonance fluorescence [29].

The light-matter interaction can also be studied by placing an optical resonator or a
micro-wave resonator around the atom [30-32]. If the coupling between the light field



in the resonator and atom become comparable to or exceed the atomic and cavity
decay strengths, the properties of the atom and resonator are significantly changed.
For example, the cavity resonance is split into two peaks which are separated by the
coupling constant between the atom and the resonator. Also, an excited atom emits
its fluorescence photons mainly into the cavity. These cavity QED experiments now
use cold atoms falling through a small resonator with a very high finesse [33]. It has
been reported [34] that the optical dipole forces act on the trajectories of the falling
atom, and, recently, that atoms can be trapped inside the cavity by these optical
dipole forces for a short time [35]. However, it has not been possible yet to store an
atom inside a cavity for an extended period and within an volume much smaller than
the wavelength of the light (Lamb-Dicke regime).

In this thesis, not a cavity but a slightly different approach is used to examine the
interaction of the atom with its fluorescence light. The fluorescence light of a single
trapped Barium ion is collected in a large solid angle and then reflected back onto
the ion with a mirror. This is very similar to a cavity with a low finesse, but the
interaction between the ion and the standing light field generated by the mirror is
still appreciable because the focus generated by the collimating lens is very tight, i.e.
about 1 um. The advantage of this setup is that the position of the ion is well known
with a spread much smaller than the wavelength of the light, and that the ion can be
placed into a node or an anti-node of the standing wave created by the mirror at will.
The second objective of this work was to measure the rate of laser cooling by observ-
ing the sidebands of motion in the fluorescence spectrum. Therefore, the collimated
fluorescence light is superimposed with a local oscillator beam and the spectrum is
measured in a heterodyne setup.

This thesis is structured as follows: Chapters 2 and 3 are dedicated to the basic the-
oretical basis necessary for the experiments. In chapter 2, the electrodynamic Paul
trap is introduced and basic laser cooling schemes are described. A theoretical descrip-
tion of the laser-ion interaction is given in chapter 3. Emphasis is given to the Bloch
equation formalism, which allows one to calculate the steady-state solution of the
atom-field Hamiltonian as well as the dynamics of this interaction. The experimental
setup is described in chapter 4. Both diode laser systems used in the experiment are
described and the trap apparatus with collimation optics is shown. Chapter 5 gives an
overview of the basic techniques required for trapping and detecting single Ba™ ions.
The measurements of excitation spectra and intensity correlation functions are also
reported. The main experimental results of this thesis are presented in chapters 6 and
7. In chapter 6, first the setup used to record the spectrum of the resonance fluores-
cence is described. Then the experimental results using different collimating optics are
given. These include the measurement of the Rayleigh peak and its sidebands, and the
direct measurement of the cooling rate of the ion. Chapter 7 deals with experiments
studying the interaction of the ion with a standing wave of its fluorescence light.
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2 Paul traps and laser cooling

Precision spectroscopy of atoms requires cold and slow atoms well isolated from their
environment, i.e. a small Doppler-shift, long interaction times with the lasers and
unperturbed evolution of the atomic state. These requirements can be met with
trapped, laser-cooled atoms. W. Paul realized in 1953 [36] that ions can be mass-
selected by a linear, quadrupole RF-field. This idea was modified in 1958 [1] into a
three-dimensional quadrupole field which allows the trapping of charged particles.

This chapter describes the basics of the Paul trap and the cooling of trapped atoms
with lasers.

2.1 Paul traps

In a Paul trap, an electric quadrupole potential

() =g Y (/i) (2.1)

1=T,Y,2

is used to store ions. Such a potential can be generated with a ring electrode and two
end-cap electrodes, which are shaped as the equipotential surfaces of the electric field
as shown in Fig. 2.1a. This configuration has the disadvantage that the optical access
to the ions through the electrodes is very limited. Therefore, the Paul traps used for
single or few ions have a more open electrode structure, as shown in Fig. 2.1b. The
field generated by this configuration has higher order terms which, however, become
negligible near the trap center. In order to fulfill the Laplace equation A® = 0,
the sum of the coefficients «; in (2.1) has to be zero. Therefore, this potential with
®y = const. has a saddle-point at ¥ = 0 and does not trap an ion in three dimensions.

It is possible to use an additional magnetic field to confine the ions in the directions
not stable due to the electric field. Such a trap is called a Penning trap.

The other possibility to trap ions in three dimensions is to use a time-varying potential
O (t) = Vo + Uy cospt. The quadrupole potential has no mixed terms in «;, as e.g.
10, therefore the motion in the three dimensions is decoupled. The equation of
motion for the charged particle in one dimension is

Q;q

mr?

T

(Vo + Uy cos Qst)r; =0 (2.2)
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Figure 2.1: Electrodes of a Paul trap. The equipotential surfaces are indicated. (a)
This potential is used to trap large clouds of ions. (b) This potential is
used to trap single ions or small crystals of ions. It provides better optical
access, but the field far from the trap center has significant higher order
terms. However, near the trap center the potential is harmonic to a good
approximation.

where ¢ is the charge of the ion, m is its mass and 7 is the radius of the ring. With

a; = nfg;g? (2.3)
4 = 773732‘(?;% (2.4)
T = %t (2.5)
this can be written as
i + (a; — 2q; cos 27)r; = 0. (2.6)

This equation is called the Mathieu equation. If the quadrupole potential is rotation-
ally invariant about the z-axis, i.e. a, = a, = —2a;, the parameters a and g are given
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(2.7)
q. = _qu:,y = _W- (28)

For certain values of ¢; and a; the solutions of this so-called Mathieu equation are
stable, i.e. the value of r;(7) is limited to r,,,, for all times 7, i.e. the particle is
trapped in a limited volume. Fig. 2.2, which is reffered to as a stability diagram,
shows the areas of stable solutions for various ¢ and a parameters [37]. The general

Stable
solutions

Unstable

solutions

Figure 2.2: Stability diagram of the Mathieu equation in one direction



2 Paul traps and laser cooling

solution for r; is then [37]

ri(t)=A Z Coy, cos (2n + ;)T + B Z Copsin (2n + 5;)T. (2.9)
The coefficients Cs,, and (3; do not depend on the initial conditions. These enter only
into A and B.

In the case of trapped ions, only the first area of stability, which is shown in Fig. 2.3,
is used because the voltages necessary for areas with higher a or ¢ are techniqually
difficult to reach. In the case of small parameters a;, ¢; < 1, approximate solutions are

0.2

0.1}

-01}F

-0.21

-0.3f

-0.4}

-0.5}

-0.6}

qz

Figure 2.3: First area of stability

ri(1) = ¥ cos (wiT + @) (1 + % cos (th)). (2.10)

The motion with frequency w; is called macro- or secular motion, the motion with €
micro-motion. The frequency of the macro-motion w; is given by
2
4;

Q
w; = ﬁin and 87 ~ a; + Ok (2.11)



2.2 FExcess micro-motion

This approximation means that the ion moves in a harmonic pseudo-potential ¥ =

[Vol?

oz, which is generated by the electric trap potential ®(,7).
¥

The kinetic energy corresponding to the macro-motion of an ion can be reduced by
means of laser cooling to a level which is comparable to hAw;. Then the motion of the
ion has to be quantized. By defining the usual creation and annihilation operators

al = m”’ 7 ﬁp (2.12)
mwy

ry — Ai ’
2h vV 2mhwzp

where 7; and p; are now position and momentum operators, the Hamiltonian

A

a; =

(2.13)

can be cast into the standard form

H = Zhw <a a; + > )
The eigenstates of the Hamilton operator, which are the so-called phonon number
states |n) = |0),|1),|2), ..., have an energy F, = fuw;(n + 1/2).
The width of the zero-point wave function is then given by (0[r;*(0)Y/2 = \/h/2muw;.
For example, a 1*®Ba™ ion cooled to the ground state of a trap with w = (27) 750 kHz
is localized to within 7 nm.

2.2 Excess micro-motion

These considerations assume that the zero of the DC part and the AC part of the
potential are at the same position. In practice, this is often not the case due to stray
electric fields caused by charged dielectrics or patch charges on the electrodes. The
equation of motion (2.2) can be modified to account for this additional force.
qE;
m

iy — (2.14)

;]2(% + Uo COSth)T’i =

Solutions in the pseudo-potential approximation are then

ri(r) = (rZM + 19 cos (w;T + @-)) (1 n %cos (th)> . (2.15)

The term r"% cos (Qst) describes unwanted excess micro-motion. The static stray
electric fields can be compensated and hence this excess micro-motion can be elimi-
nated by applying a suitable combination of voltages to a set of compensation elec-
trodes, see chapter 4.
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2.3 Laser cooling of trapped ions

The macro-motion amplitude of a trapped ion can be reduced with different cooling
techniques. These are, for example, buffer gas cooling, electrical coupling of the ion
to a cold resonant circuit, which is used in Penning traps, and laser cooling. In Paul
traps, laser cooling allows one to reduce the kinetic energy of the ions to the quantum
regime.

The kinetic energy of an atom is reduced by laser excitation if the photons absorbed
by the atom have lower energy than the photons reemitted by the atom. The energy
difference is taken from the motion of the atom, therefore it is cooled. Many different
laser cooling schemes exist. Simple methods are Doppler cooling [2,3] and sideband
cooling [5,38], more sophisticated methods, which rely on a multi-level structure of the
atom, are, for example, polarization-gradient cooling [39-41], Raman cooling [42, 43]
and EIT-cooling [44].

Two-level atoms can be cooled with a red-detuned laser, i.e. the laser frequency is
set slightly below the atomic transition frequency. For simplicity, only cooling of one
vibrational mode is described here. In a trap, three different regimes can be separated.
These regimes depend on the ratios between the trap frequency wy,., the photon recoil
frequency €, and the natural linewidth I'" of the cooling transition. The photon recoil
energy is given by
h2k?
he = 5y (2.16)

with k = wp/c and the atomic mass m, is the average kinetic energy transferred to an
atom by absorption or emission of a photon with frequency wy.

The ratio between € and the trap frequency wy,. is used to define the Lamb-Dicke
parameter n = \/€/wy.. The Lamb-Dicke parameter can also be defined as the ratio

between the width of the ion ground state in the trap (0|r;*|0)"/2 = \/A/2mw; and the
wavelength of the resonant light A\o/27m = ¢/wy

VI 2me; (2.17)

= )\0/27’[’

When the ion is not in the ground state, it is also useful to define a modified Lamb-

Dicke parameter
Nmod = V 2n +1 n (218)

1. Quasi free particles
When the Lamb-Dicke parameter 7,,,q is greater than one, the atom can be
treated like a free particle. The atom is cooled by momentum transfer from the
photons of the light field as in Doppler cooling of free atoms [2].

10
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Figure 2.4: Left side: possible optical absorption-emission cycles in the Lamb-Dicke
regime. Right side: Lorentzian line shape of the cooling transition with a
natural linewidth I' and the trap frequency wy,.
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12

2. Lamb-Dicke regime

The regime 7,04 < 1 is called the Lamb-Dicke regime. Absorption and emission
processes are best viewed in the rest frame of the atom. Then, the laser light
seen by the atom is frequency-modulated with the trap frequency. In the Lamb-
Dicke regime the spectrum of the laser light seen by the atom consists only of
the carrier at frequency w; and the first-order sidebands at w; 4 wy,.

Five processes, as shown in Fig. 2.4, can happen during absorption and spon-
taneous emission of a photon. The detuning A; of the laser from the atomic
resonance enters into their relative probabilities.

i. Absorption and emission without change of the phonon number. This pro-
cess is the most likely one with a relative probability of p; ~ 1/(AZ+(T'/2)?).

ii. Absorption with An = 0 and emission with An = +1 with probability
pa = (n+ 1)n*/(AF + (I'/2)?).

iii. Absorption with An = 0 and emission with An = —1 with probability
Piii = m72/(A12 + (F/Q)Z)-
iv. Absorption with An = —1 and emission with An = 0 with probability

piv = nn* /(A1 + wir)? + (T'/2)?].
v. Absorption with An = 41 and emission with An = 0 with probability
po = (n+ )n*/[(Ar — wir)? + (T'/2)?].

The process i) does not change the motional state of the trapped atom, i.e. it
does not contribute to cooling or heating. The transitions ii) and v) increase the
phonon number by 1, while the processes iii) and iv) cool the atom by An = 1.
The heating emission ii) is more likely than the cooling emission iii) by a factor
(n + 1)/n. This is also true for the absorptions, but these are additionally
weighted with the Lorentzian line shape of the transition. When the laser is red
detuned, i.e. A; < 0, the weight of the cooling process iv) can be made larger
than that of the heating transition v).

Now two cases have to be examined. When the trap frequency wy, is larger than
the natural linewidth I' of the atom, that is the so called strong confinement
regime, the sidebands are resolved because the atom undergoes many oscillations
during one lifetime of the excited level. In the weak confinement case, i.e. wy,. <
I', the sidebands are not resolved. This corresponds to the case that the lifetime
of the excited level is smaller than the oscillation period.

a) Sideband cooling
In the limit of strong confinement, the atom sees the motional sidebands
resolved. Then the laser can be tuned such that the atom in its rest frame
is only resonant with the upper sideband, i.e. the carrier is below the
atomic resonance frequency. In this limit, only process iv.) is resonant,



2.3 Laser cooling of trapped ions

processes iii.) and v.) are off-resonant. In this case the absorption of one
photon lowers the atomic kinetic energy by one phonon hAwy,.. In the Lamb-
Dicke regime, the probabilities of changing the phonon number during the
spontaneous emission by +1 are (n + 1)n?,_, and nn? ,, respectively, i.e.
in most cases n is not changed. Thus, in an absorption-emission cycle the
atom is cooled by one phonon. The cooling limit for sideband cooling is
given by the equilibrium of resonant cooling transitions and off-resonant
heating. Its value is

2 « 1
S ST 2.19
(n)si lefr{cos2 0 * 4} (2.19)

with the angle 6 between the axis of the vibrational mode and the direction
of the laser beam /;, and with the geometrical factor a which depends on the
spatial distribution of the spontaneous emission. In the case of an isotropic
distribution, o = 1/3 [45].

b) Weak confinement
The atom does not resolve the sidebands of the laser beam. Optimal cooling
is achieved for A; = —I'/2 [45]. The cooling limit is then

(n) = %{(Q+COSQH>F/Q]. (2.20)

cos? 6 Wiy

The cooling limit is the same as for Doppler cooling of free particles. There-
fore this process is referred to as Doppler cooling, although the mechanisms
in the two cases are different and have to be distinguished.

For the considered two-level system, the cooling rate, i.e. the damping rate
of the oscillation, can be calculated analytically [45]. The cooling rate Wi,
at A; = —I'/2 is on the order of nuwy,..

The cooling principle, as described above, also holds for multi-level atoms, but the
final temperatures and the cooling rates differ due to the larger number of possible
transitions. For the Ba™ ion, which is an 8-level system, it is not possible to find
analytical expressions for the temperature and the cooling rate. A detailed numerical
analysis of this system can be found in [46]. However, in the limit of weak confinement
the cooling rate can be estimated assuming a radiation pressure force on the atom,
given by

F=hk) Tipee(Ai — k) (2.21)

where v is the velocity of the oscillating atom and the excited state probability pee(A;—
k) for the different lasers k; with detunings A; can be calculated from the optical

13



2 Paul traps and laser cooling

Bloch equations [45]. If the velocity is small, the radiation pressure force can be
linearised around v = 0:

v=Fy—avM (2.22)

Ia
F:F0_|_d_
dv -

yielding a constant force plus a friction term with the cooling rate a. For negative
detunings A; the cooling rate « is given by:

(2.23)

hk? _ Opee
a=2 Z 20 A,

Ay

The cooling rate and the cooling limit depend on %%, yielding the same results for
cooling of a 2-level atom.

14



3 Light-matter interaction

The experiments described in this thesis are carried out with single positively charged
Barium ions (Ba™). With the help of a Paul trap and laser cooling, as described in
chapter 2, these ions are confined to a volume whose size is smaller than the wavelength
of the fluorescence light in all 3 dimensions. The ion is continuously excited with lasers,
and the properties of its fluorescence light are investigated with various interferometric
techniques. This chapter describes the level structure of the Ba't ion, the theoretical
modeling of the light-matter interaction for the example of Ba™, and some of the
expected properties of the fluorescence light.

3.1 The Ba"' ion

For the experiments only the isotope *®Ba, which has no nuclear spin, is used. Its
natural abundance is 71.7% (Table 3.1).

Tsotope 0B, | 132Ba | ¥Ba | ™ Ba | ®Ba | ®"Ba | " Ba
nuclear spin I | & 0 0 0 3/2 0 3/2 0
abundance | % || 0.1 0.1 2.4 6.6 78 | 11.3 | 71.7

Table 3.1: Natural isotope distribution [47] of Barium.

The electron configuration of Ba™ is equivalent to the noble gas Xenon with an ad-
ditional valence electron ([Xe|62S;/5). The energy levels relevant for the experiments
are Sy/2, P1/o and Dg/5. These levels form a lambda (A) system with dipole-allowed
transitions from S;/; to Py and from D35 to Py/o. The transition from S; /5 to D3/o
is dipole-forbidden but quadrupole-allowed with the natural lifetime of the Ds/, level
being 79.8+4.6 s [48]. The level scheme is shown in Fig. 3.1 and the relevant tran-
sitions are listed in table 3.2.  The levels have a Zeeman substructure which all
together forms an 8-level system. The Zeeman substructure is shown in Fig. 3.2 to-
gether with the possible laser-induced transitions for a light polarization perpendicular
to the magnetic field, as it is the situation in the experiments.

15



3 Light-matter interaction

6°S

2
6 Pl 2
649.7nm

493.4nm — 5 2 D

32

Figure 3.1: Levels of the Ba™ ion used in the experiment and transition wavelengths

Transition Agir (nm) | T'por (MHz) Aerp (s71)
6281/2 = 62P1/2 493.4 15.1 95 £+ 7 -10°
62P1/2 = 52D3/2 649.7 5.3 33 £+ 4 -10°
52D3/2 = 6281/2 2051 0.4-10°% 12.5 + 0.7 -1073

Table 3.2: Transitions between the relevant energy levels with

the respective wavelengths, natural linewidths and
Einstein A-coefficients [48,49].

2 —1]/2 +1/3
6 P -1/3

m; g
312 +6/5

493 4nm +12 +2/5 2 D
-2 -2/5 5 32
32 -6/5

m; Mg
+1/2 +1
-172 -1

Figure 3.2: Zeeman substructure of the relevant Ba™' levels. The laser transitions
indicated by arrows can be excited when the light polarization is linear
and orthogonal to the magnetic field.

3.2 Bloch equations

A theoretical model for describing the atom-laser interaction is presented in this sec-

tion.
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3.2 Bloch equations

For simplicity, only the model for a three-level A-system interacting with two coherent
light fields is discussed. This model can be easily extended to an 8-level system such
as the Ba™ ion [50].

3.2.1 Interaction of a A-system with coherent light fields

The system described in this paragraph is shown in Fig. 3.3. Because coherent laser

A
12D AN

Figure 3.3: Three level system with the atomic eigenstates |1),]2), |3) and the coherent
light fields Eg and ET with Rabi frequencies {21532 and detunings Aqs 39.

light fields with high photon numbers are considered, only the atom is described
quantum mechanically while the two lasers are treated as classical electromagnetic
waves Ejsin(wyt) and E, sin(w,t) with a laser linewidth 'y and T, respectively. The
spontaneous emission of photons is treated as a decay from |2) to |1) and |3) with the
rates I'19 and I'ss.

The Hamiltonian of the atom, using the states |1), |2) and |3) as the basis, is defined
by R

Hatom|a) = hw,g|a) with a = 1,2,3 (3.1)
with w, being the atomic Bohr frequencies. It is assumed that the atom-laser interac-

tion is restricted to the dipole interaction. Then the interaction Hamiltonian can be
written as:

Fint = —{Dra - Eyil|2){1]e " — [1)(2]e")+

B | | (3.2)
Dy - Eyi[[2) (3le™™" — |3)(2]e™ "]}

where Dyy and Dsy are the dipole matrix elements for the transition from |1) to
12) and |3) to |2), respectively. Here the terms which rotate at twice the optical

17



3 Light-matter interaction

frequency and the non-resonant terms, e.g. Do - E}, are neglected (rotating wave
approximation) [50-52].

The Hamiltonian can also be written in a matrix representation with

(&1
e | = all) + c2f2) + c3)3) (3.3)
C3
w12 0 0
Hautom=h| 0 0 0 (3.4)
0 0 W32

with wis = w; — wy and w3y = w3 — wy. The energy zero has been set to |2). The
interaction Hamilton is then given by

0 Q2 6+iwgt O
) 2 )
Hiny = I | L2zemist 0 a2 p—ieort (3.5)
0 Q32 Fiwrt 0

2
where

thg .= 512 . Eg
hQ32 L= 532 : HT (37)

The quantities €215 and 235 are called Rabi frequencies and denote the strength of the
coupling between the atom and the electric field.

The complete Hamiltonian is finally

w19 %e-‘riwgt 0
_ Q12 —iwgt Q30 —iwyt
H="h|=2e "™ . 0 S2emtert | (3.8)
0 ﬁeJﬂwrt w32

2

The Hamiltonian does not describe the spontaneous decay of the upper level into
the lower levels. The spontaneous decay can be represented as an interaction of the
atom with the vacuum field. For this approach it would be necessary to introduce the
electro-magnetic field fully quantum-mechanically [51,52]. However, to understand
the experiments of this thesis it is not necessary to use a full quantum-mechanical
treatment of the decay. It is sufficient to treat the spontaneous decay as a rate I'y;
(I'y3) with which the state |2) decays into |1) (|3)). The resulting state of the atom is
no longer a pure state and one can use the density matrix formalism.

18



3.2 Bloch equations

3.2.2 Density matrix formalism

The density operator p, written in the basis of atomic eigenstates |a), is

p= D pala)dl. (3.9)

ab=1,2,3

The trace Tr(p), i.e. the probability to find the atom in any one of the states |1), |2), |3),
1s one.

The time evolution of the density operator is governed by the Liouville equation

dp i )
% - _ﬁ[Ha p} + ﬁdamp(p> (310)

where now the first part corresponds to the Schrodinger equation and Lgq.,, describes
the spontaneous decay of the upper state. The operator L4, has the following general

form [53]

1

Edamp(ﬁ) = 3

5 2CHCp + pCI,Crn = 2CpC . (3.11)

The operators C,, describe the different dissipative processes. The first two terms
CA’LCA’m,é and ,(')C%C”m describe the decay of the excited levels, where the term 2CA’mﬁCA’,L,
which is called feeding term, describes the decay into the lower states. In our case
this is the decay |2) — |1) and |2) — |3). Also, the decoherence through the finite
bandwidth I'; and I', of the driving laser fields can be included in L4, [14]

Cor = /T [1)(2] (3.12)
023 = /Ta33) (2] (3.13)
= V/2L, 1)1 (3.14)
é V/2L,[3)(3). (3.15)

By writing L
d—f = Lp(t) (3.16)

with .

L= =3 [H. 7]+ Laamn(P) (3.17)

the density operator p at the time t can now be expressed in terms of p(AO) by

~

p(t) = e p(0). (3.18)
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3 Light-matter interaction

Finally, we transform the system into the rotating frame of the laser light fields with

efiwgt 0 0
u=| 0 1 0 (3.19)
0 0 et

and get the transformed density and Hamilton operators

P =UpU! (3.20)

T
W — vnt — i 2 (3.21)
dt

The resulting Hamiltonian H’ is

Ag 912/2 0
H =h|Q2/2 0 Q3/2 (3.22)
0 Qn/2 A,
with the detunings

Ag = Wy — W12 (323)
AT = Wy — W32. (324)

The damping terms remain unchanged.

3.2.3 Optical Bloch equations

The Liouville equation (3.16) can be transformed into a system of linear equations by
setting

0= (P11, P12, -y P23, P33) (3.25)

dp )
pr > Mg, (3.26)
j

where py, = (a|p|b). These equations are called the optical Bloch equations. The
matrix M is uniquely determined by £ in Eq. (3.16), i.e. it contains all information
relevant for the evolution of the system, i.e. the laser intensities, detunings, and decay
constants.

According to (3.16), the time evolution p(t) with a given p(0) is

7(t) = exp(MH)(0). (3.27)
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3.3 Excitation spectra

The trace of the density matrix must be one at all times (normalization condition):

> pil) = 1. (3.28)

The steady-state solution (5(c0) = const. < §= 0) is given by
0="> M;p. (3.29)
J

To solve Eq. (3.29) with the correct normalization, one of the equations in (3.29)
must be replaced by the normalization condition (3.28). The time evolution of p(t)
and the steady-state solution g(oco) can now be calculated numerically with a computer
program.

3.3 Excitation spectra

An excitation spectrum is a record of the fluorescence intensity versus the detuning of
one of the lasers. The average rate of photons emitted by a single A-system atom is
given by

N=N,+N, (3.30)
Ng == Fgl P22 (331)
Ny = T3 pao. (3.32)

The fluorescence light is spectrally integrated and measured with a photon counting
detector. In this experiment only the fluorescence at 493 nm, Ny, is detected, the
fluorescence at 650 nm is blocked with a filter. With the optics and the detectors used
to collect the light, about 1% of the green fluorescence can be recorded.

If the time over which data are accumulated at a fixed set of parameters (typically on
the order of 100 ms) is much longer than the time scale for the internal dynamics of
the atom (on the order of 1 us), the population of pgs for any set of parameters can be
calculated from the steady-state solutions of the optical Bloch equations. Figure 3.4
shows a calculated spectrum where the red laser frequency is scanned while all other
parameters are held fixed. The spectrum shows the expected Lorenzian line shape
with an extra feature around A, = A,. There, the ion is pumped into a superposition
state of |1) and |3) while state |2) is not populated. The steady-state solution of the
Bloch equations at A, = A is:

29%2 5 0 — %12935
07,+03, Q75+03,
p= 0o 0 0 . (3.33)
_ %12933 0 2952 5
912+932 912—"_932
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3 Light-matter interaction

p22*100

N

0
-100 -50 0 50 100
A (MH2)

Figure 3.4: Excitation spectrum of a three level system. Parameters are A,/27m=-
20 MHz, ©5/27 =10 MHz, Qy3/27r =5MHz, I'; =T, =0.

This phenomenon is often called ’dark resonance’ because the fluorescence vanishes.
The perfect superposition of the states |1) and |3), i.e. pye = 0, is perturbed by phase
fluctuations of the lasers which in the model are represented by the laser linewidth
parameters I'; and I',. Figure 3.5 shows the dependence of the depth of the dark
resonance on the laser linewidths. Thus, the depth of an experimentally measured
dark resonance contains information about the linewidths of the two lasers. They
can, however, not be determined individually, only the common linewidth I'j + I',
(assuming that the phase fluctuations are not correlated) can be found in this way.

3.4 Correlation functions

An excitation spectrum only reveals information about the steady-state solution of
the Bloch equations and the corresponding measurements for long integration times.
Information about the internal dynamics can be gained from the correlation functions
gV (7) and g®(7) of the fluorescence field. Here, only the correlation functions of the
green fluorescence are discussed.
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3.4 Correlation functions

40 30 20 10 0
A (MHz)

Figure 3.5: Depth of the dark resonance for increasing laser linewidth I, =
0, 50 kHz, 500 kHz.

The first order correlation function [51]

_< E;()ES(t+7) >

1)
9-(7) S (3.34)
<E;(t)ES(t) >
describes the coherence of the fluorescence light, and its Fourier transform is the
spectrally resolved intensity distribution of the fluorescence light [51]. The brackets
< ... > denote the expectation value of the operators. The time ¢ is assumed to
be sufficiently long for the atom and the field to have arrived at a steady state. The

degree of coherence is then independent of .

The probability of detecting a photon at a time ¢+ 7 after a photon has been detected
at time ¢, is described by the second order coherence function

_< E;()E; (t+71)EF(t+7)ES(t) >
< E (t)ES(t) >2

g(2)(7') (3.35)

The electric field Eg of the green fluorescence light at the position 7 is given by:

- ew? D1y sin a |7]
Bt = —caltesma i, 3.36
e = -2 (- 1) (3.36)
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3 Light-matter interaction

with the angle o being that between the atomic dipole and the direction of observation.
The atomic flip operator is 7 (t) = |1)(2|(¢).

The correlation functions ¢V and ¢ are now

#t(#)a(t+r
gV (r) = L) (3.37)
T Q)71 (t+r) A (t+7) 7
g (r) = SO0, (3.38)

The values of the correlation functions can be calculated from the Bloch equations
using the quantum regression theorem [54,55] as follows:

Let an arbitrary operator A;; be defined as A;; = [i)(j|. Its single-time expectation
value < A(t) > is

~ A

< Ay;(t) >= Te[Ay(0)p(t)]. (3.39)

The two-time expectation value Gy;(t, 7) is defined as Gy (t, 7) =< B(t)A;(t+7)C(t) >
with B and C arbitrary operators A, (or 1). In the stationary state G(t, ) does not
depend on ¢. Then G(7) can be calculated with the quantum regression theorem

G(1) = e“7G(0), (3.40)

where the initial conditions are given by the the single-time expectation value

A

Gi;(0) =< B(t)A;(1)C(t) > . (3.41)

One gets the first-order correlation function gD (1) by setting B = 7t = [2)(1], A =
7 =11)(2] and C = 1, such that

. Ggl(T)

g(l)(T) — G21(0)_

(3.42)

A

For the second-order correlation function g@(7), one sets B = 7t = |2)(1], A = &4 =
12)(2] and C' = 7 = |1)(2| such that a similar relation is found:

_ G22 (7’)
G2(0)

g? (1) (3.43)

The value of gV(7) and ¢ (7) can now be calculated numerically. Fig. 3.6 shows
¢ calculated for two different sets of laser parameters. The second order coherence
function ¢g® for the same set of parameters is shown in Fig. 3.7.
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3.5 Spectrum of resonance fluorescence and effects of motion
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Figure 3.6: Correlation function Re(g")) with Qz,/T3s = 1, App/27r = —5 MHz,
A32/27T =0 MHZ, (a) ng/rlg = ]_, and (b) ng/rlg = 4. The laser
line width has been set to zero.
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Figure 3.7: Correlation function Re(g®) with Qs/T'3s = 1, Ap/27r = —5 MHz,

Asp/2m = 0 MHz, (a) Q15/T'12 = 1, and (b) Q45/I'1s = 4. The laser
linewidth has been set to zero.

3.5 Spectrum of resonance fluorescence and effects of
motion

In this section, first the spectrum of resonance fluorescence of an atom at rest is
discussed. Then the effects of motion in a Paul trap are included.
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3 Light-matter interaction

3.5.1 Spectrum of an atom at rest

The spectral intensity distribution of the fluorescence light of an atom at rest is given
by the Fourier transform of the first-order coherence function g(V)(7) [52]

1 > ,
S(w) = ;Re/o gV (r)e “Tdr. (3.44)

In a two-level system, this can be solved analytically in the limit of very small laser
intensity, i.e. 2 < I'/4, and high Rabi frequency, i.e. Q> I'/4.

In the low field limit, i.e. € < I'/4, the electrons are weakly driven by the electric
field of the light to oscillate at its frequency. The oscillating electrons emit an electric
field like that of a classical dipole oscillator. The spectrum consists of a single § peak
at the driving laser frequency (Rayleigh scattering)

S(w) o (%)25@ —w). (3.45)

The photon scattering rate is proportional to the laser intensity.
In the strong field limit, i.e. > I'/4, the atomic levels are dressed by the light field
as shown in Fig. 3.8. There exist four possible decay paths for the atom. Two of these

— |n+1>
le>
ho, + In> —
9> N, | ===
2 level In-1> T
atom + light

Figure 3.8: Dressed states of two level atom.

paths are degenerate. The spectrum consists of three peaks (Mollow triplet).

3T /4
Sw) x| moramereE T (3.46)
r
(w—wy)2+(T/2)2 + (347)
3T/4
(—w—w;+Q)2+(30/4)2 | (3'48)
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3.5 Spectrum of resonance fluorescence and effects of motion

The strength of the central peak, i.e. the area under the peak, is twice the stength of
the sidebands.

The results obtained in the case of a two level system still hold qualitatively in a
multi-level system. In a A-system one can expect two d-peaks at the frequencies of the
two driving lasers in the low field limit. In the strong field limit, one has two add up
all the possible decay paths, leading to a multi-peak spectrum. Calculated spectra for
the A-system are shown in Fig. 3.9. The laser parameters are set to the same values
as in Fig. 3.6.
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Figure 3.9: Spectrum of the resonance fluorescence with Q35/T'30 = 1, App/21 =
-5 MHZ, A32/27T =0 1\/[:[‘IZ7 (a) ng/rlg = 1, and (b) ng/rlg = 4. The
laser linewidth has been set to zero. Note the different scales. The width
of the Rayleigh peak is limited by the resolution of the Fourier transform.

3.5.2 Spectrum of a trapped ion in the low field limit

The fluorescence spectrum of a trapped atom is modified due to the motion in the trap.
A trapped ion in a Paul trap oscillates with the micro-motion frequency €2; and the
macro-motion frequencies w;. This leads to sidebands in the fluorescence spectrum. In
the strong field limit, these sidebands are partially concealed due to the spectral width
of the peaks which is on the order of the natural linewidth I'. In the low field limit,
the sidebands are well resolved due to the d-peak nature of the Rayleigh scattering.

The important information gained from measuring the sidebands is their strengths
and widths. The sideband width is a direct measure for the damping, i.e. the cooling,
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3 Light-matter interaction

of the oscillation inside the trap.

A detailed analysis of the spectrum of a trapped atom can be found in [27,28]. The
main results can be summarized as follows: The sideband strength depends on the
temperature of the ion and on the position of the detector relative to the exciting
laser beam [28]. In the following, only a one dimensional oscillation, with frequency
v, of a two-level atom in the Lamb-Dicke regime is considered. Then the spectrum
consists of the coherent peak at the laser frequency w; and two motional sidebands
at wp = v. Fig. 3.10 shows the two-level system combined with the motional states
|n). The various cooling and heating transitions, which lead to sideband emission of

In-1,e> In,e> In+1,e> In-1,e> In,e> In+1,e>
In-1,9> [n,g> [n+1,9> In-1,9> [n,g> In+1,9>

Figure 3.10: Level scheme for a two-level ion trapped in a harmonic potential and
interacting with a laser field.

fluorescence, are indicated for low laser intensity. In the Lamb-Dicke regime n << 1,
the cooling or heating transitions with An = 41 are suppressed by a factor ny/n
with respect to the transition with An = 0. The upper sideband is generated by
the Raman processes |n,g) — |n — 1,¢g), which lowers the motional state n by one.
This Raman transition has contributions from two interfering quantum paths |n, g) —
In,e) — [n—1,¢) and |n,g) — |[n—1,e) — |n—1, g). This leads to spatial interference,
resulting in the dependence of the sideband strength on the angle ¢ = Algdetlg 1, between
the detector and the wave vector of the laser beam. The sidebands strength is given

by
2

cosv) ! . (3.49)

A—il/2 " (A+v)—il/2
The two amplitudes have different energy denominators corresponding to the detuning
from the |n, e) and |n — 1, e) states. The lower sideband is generated by the transition
In,g) — |n+ 1, g) with a similar strength

cos(1)) 1
A—il'/2  (A—v)—1il/2

SUoc<n>’

2

. (3.50)

SL0<(<n>+1)‘
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4 Experimental setup

In this chapter the experimental setup is described. It consists of three building blocks.
These are the laser sources, the trap apparatus and the detection setup. Fig.4.1
provides a general overview. The light fields at 493 nm and 650 nm are provided
by two diode laser systems. These are optimized to produce narrow linewidth light
which is stable in frequency and intensity over several hours. The miniature Paul
trap is housed in a vacuum chamber which allows one to excite the ion from three
independent directions and to observe it through two channels. The detection system
uses these two channels to monitor the ion and analyze its fluorescence. The front
channel is used to count the ions fluorescence or to observe the ion with the eye. The
back channel uses a lens, which is mounted inside the vacuum chamber, to collect the
fluorescence light with a very high beam quality. This light beam is then used for
various experiments. A computer with a Labview program! controls the frequencies
of the lasers and collects the data from the experiment.

4.1 Laser setup

The laser sources have to fulfill certain conditions: In order to use them routinely
for spectroscopy, they have to be easy to handle and reliable. Also, their emission
wavelength must be tunable to any desired value and remain stable within a few MHz
for many hours. Finally, their emission linewidth has to be below 100 kHz to resolve
the spectral structures in the A-system. In this experiment a diode laser at 986 nm
2 which is frequency doubled to 493 nm, and a diode laser at 650 nm 2 are used to
drive the S/, — P/, and the D3/y — P/, transitions, respectively. The laser systems
are described in detail in [50,56-60]. The principle setup of both laser systems is the
same. In the following paragraphs first the principles of grating stabilized diode lasers
and electronic stabilization are shown, then both lasers are described in detail.

INational Instruments
2Uniphase L980P180, P ax = 180 mW
3SDL 7511-G1, Prax = 30 mW
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Laser systems

laser at 650 nm laser at 493 nm

=113 ms

e Al

1

Paul trap

RIE==
4|£_,_|£_ = lens and
photomultiplier
hetero- O O L —
dyne i
detector il

Detection setup

Figure 4.1: Schematic overview of the experimental setup
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4.1 Laser setup

4.1.1 Littman laser

The inherent large linewidth of laser diodes is on the order of several 10’s MHz. There-
fore it is necessary for use in precision spectroscopy to reduce the emission bandwidth
by a factor of 100 to 1000. This can be achieved with optical feedback from a grat-
ing and an additional electronic stabilization to a stable reference resonator. In this
experiment a Littman-Metcalf configuration [61] is used, which is shown schemati-
cally in Fig. 4.2. The laser diode is mounted in a copper block whose temperature
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fine tuning
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mirror

> =

lens grating

Figure 4.2: Setup of the Littman lasers

is measured with a thermo-electric resistor* and controlled with Peltier elements to a
temperature slightly above room temperature with 5 mK uncertainty. The emitted
light is collimated with a triplet lens® and illuminates a grating®. The light diffracted
by the grating into the 1 order is back-reflected from a mirror” into the laser diode,
such that the rear facet of the laser diode and the mirror are forming an external laser
cavity. The amount of light diffracted into the 1% order, and hence the amount of
feedback, depends strongly on the incidence angle. To select a certain wavelength A,
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4 Experimental setup

the geometry of the setup has to fulfill
A =d (sina +sin ) (4.1)

with the grating constant d, angle of incidence a and diffraction angle 3. Thus by
changing the mirror angle, which varies as (3, one can force the laser diode to operate
at a desired wavelength. For this purpose, the mirror is mounted on a precision mirror
mount®. In order to fine-tune the diode laser, the length of this external cavity can
be changed with a piezo ceramic (PZT)? which shifts the mirror normal to its surface.
The 0™ diffraction order of the grating is used as output coupler of the laser system.
The polarization of the 0% diffraction order is rotated by 90° with a \/2 plate'®
and circularized spatially with an anamorphic prism pair'’. The whole laser setup is
mounted in a sturdy aluminum box!? which is temperature stabilized to 20° 4 0.2° C
in order to prevent long term drifts of the laser setup. Optical isolators'® with an
isolation ratio of more than 60 dB are used to prevent unwanted feedback from the
rest of the experiment into the diode laser.

4.1.2 Electronic stabilization

The linewidth of the diode lasers is further reduced by means of electronic stabilization
to a reference resonator. At the same time, the long-term stability of the lasers, i.e.
of the laser center frequencies, is greatly improved. Different methods of electronic
stabilization are described in [62,63]. In this work the Pound-Drever-Hall [64] approach
is used. It uses a frequency-modulation scheme to generate an error signal which is
very steep around zero, but has also a wide capture range. The principle of operation
is shown in Fig. 4.3. The light from the laser is phase modulated at a frequency
2,4 = 20 MHz, which is much larger than the linewidth of the reference resonator
Av ~ 1 MHz. For small modulation indices m, only 1% order sidebands contribute.
The laser beam is coupled into the reference cavity and the light reflected from the
resonator is detected with a fast photodiode. If the laser frequency is near the cavity
resonance, the sidebands are off resonance and reflected back without phase shift. The
phase shift and amplitude of the reflected carrier depend strongly on its exact detuning
from the cavity resonance. If it is on resonance, the phase shift of the carrier is also
zero. The photodiode detects the sum of the mixing products of the lower sideband
with the carrier, and of the carrier with the upper sideband. On resonance, this is zero
because the upper and lower sidebands have opposite sign. Off resonance, the reflected
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4.1 Laser setup
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Figure 4.3: The principle of a Pound-Drever-Hall stabilized laser

carrier is phase shifted and the two mixing products do not cancel. A calculation of
the error signal can be found in [65]. The photo current is mixed down to DC with
a local oscillator with relative phase of 90°. The form of the complete error signal is
shown in Fig. 4.4. This signal is amplified with a proportional-integral amplifier and
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Laser detuning

Figure 4.4: Pound-Drever-Hall error signal
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4 Experimental setup

fed back onto the laser. The fast part, i.e. up to one MHz, changes the current of the
laser diode and the slow part, up to several 100 Hz, controls the PZT voltage of the
feedback mirror.

4.1.3 Diode laser at 650 nm

The optical setup of the laser at 650 nm is shown in Fig. 4.5. Due to the very high
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Figure 4.5: Setup of the laser at 650 nm

emission bandwidth of visible light laser diodes, a high level of feedback is required
for efficient linewidth narrowing. Therefore the angle of the Littman grating has
been chosen such that the feedback into the laser diode is about 30 %. The coarse
frequency of the laser is determined with a Michelson-type wave-meter, which has
1 GHz accuracy, and by opto-galvanic spectroscopy in a Ba hollow cathode lamp with
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4.1 Laser setup

a resolution of about 50 MHz. Then the laser is locked to a fixed reference resonator
with a linewidth Ar = 750 kHz and a free-spectral range of F'SR = 750 MHz, where
the mirrors forming the resonator are glued to 20 cm long quartz rod. In order to
detune the laser without changing the reference cavity, an acousto-optical modulator
(AOM)™ is inserted between the laser and the reference resonator. This AOM is used
in a double-pass arrangement to increase the frequency shift and to get a stable beam
position while detuning the AOM. The frequency of the AOM can be tuned from
200 MHz to 300 MHz, so that the light can be detuned in double pass over 200 MHz,
which is sufficient for the experiment. The radio-frequency power driving the AOM
is controlled in a feedback loop to stabilize the intensity of its zero order, which is
used for the experiment. An electro-optical modulator (EOM) produces sidebands at
20 MHz for the Pound-Drever-Hall stabilization. The reference cavity has a finesse
of F = 1000 with a free spectral range (FSR) of 750 MHz. The transmitted light is
detected with a photodiode to monitor the quality of the stabilization. The reflected
light is separated with a polarizing beam splitter and a quarter-wave plate and is
detected with a fast photo diode. The photo current is mixed down and fed into
a servo amplifier, which controls the laser diode current and the piezo voltage. The
resulting linewidth is estimated from the error signal to be on the order of 50 kHz with
respect to the reference cavity. Another possibility to determine the laser linewidth is
to record excitation spectra of single Ba™ ions and fit the measured data with eight-
level Bloch equations. One of the fit parameters is the combined linewidth of the laser
fields. This technique is described in sections 3.2 and 5.4.

The 0" order of the AOM is used for the experiments with trapped Ba* ions. A small
part of it is split off and used for the wavemeter and the opto-galvanic spectroscopy.

4.1.4 Frequency doubled diode laser at 493 nm

The laser system at 493 nm is described in [60] which is included in Appendix A.
Therefore, only important parts of the system and improvements since the publication
of ref. [60] are described.

The light at 493 nm is generated by frequency doubling of a diode laser at 986 nm
in a setup shown in Fig. 4.6. The setup of the diode laser is the same as the one at
650 nm with a few exceptions. The sidebands used for stabilization are generated by
modulating the injection current of the laser diode. The length of the reference cavity
can be changed with a PZT, which is mounted between one of the cavity mirrors and
the quartz rod. The linewidth estimated from the error signal is below 20 kHz. A
beat measurement of two laser systems showed a short term linewidth (/<100 ms) of
a few kHz.

MTsomet 1250C
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Figure 4.6: Setup of the laser at 493 nm.

The power of the laser system at 986 nm with the diode!® used in these experiments
is 90 mW. It is frequency doubled with a KNbOj3 crystal which is placed in an en-
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4.2 Trap apparatus

hancement cavity. This resonator has a FSR of 680 MHz and finesse F = 105. With
an enhancement of 33 and an 80% incoupling ratio, the circulating power is 2.38 W.
The doubling efficiency of the crystal has been measured [58] to be

P493 nm ) W
n= = 1.1-1072—. (4.2)
P386 nm W2

The expected output power at 493 nm is Pyg3 nm = 62 mW. This corresponds very
well to a measured power of 60 mW.

The long term stability of the reference resonator is not sufficient for the experiment.
Therefore, the laser system is locked to a molecular Te, transition about 550 MHz away
from the Ba®™ Sy/2 — P12 transition. The frequency offset is bridged with an AOM'®
with 250 MHz center frequency in a double-pass arrangement and an additional AOM
running at 115 MHz. The stabilization to Te, has the additional advantage that the
laser frequency is reproducible with an accuracy of better than 1 MHz over many
weeks.

4.2 Trap apparatus

The trap apparatus consists of the Paul trap [1], the vacuum chamber which houses
the trap, and the radio-frequency drive of the trap. The vacuum chamber also holds
a high quality lens used to collect the fluorescence light, as will be described in the
next section.

4.2.1 Paul trap

A major objective in the trap design was to have access to the ion with laser beams
from three different, independent directions and to be able to observe the ion from
two directions with a large solid angle. Therefore, an open trap design, as shown in
Fig. 4.7, has been chosen. The trap electrodes are made of molybdenum wire with
200 pm diameter. The ring electrode has a diameter of D = 1.4 mm. The end-caps are
placed on the symmetry axis of the ring, with 1.4 mm spacing. The rf driving field,
with a voltage of up to 1500 V at 18.8 MHz frequency, is applied to the ring electrode.
This creates a quadrupole electric field as described in chapter 2. The end-caps are
grounded for this ac field but allow to apply a dc offset voltage. The ions are stored
at the center of the trap. Due to stray electric fields, and if there is more than one
ion trapped, their position is not exactly at the zero of the driving field leading to
excess micro-motion. In order to shift an ion into the zero point, a small dc voltage

16Brimrose TE270
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4 Experimental setup
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Figure 4.7: Design of the Paul trap and orientation with respect to the two detection
channels (view from top).

is applied to one of the end-caps. To allow for compensation in the plane of the ring,
there are additional compensation electrodes mounted in that plane with a distance
of 5 mm from the ring. All electrodes are attached to steel rods with 1 mm diameter,
which are connected directly to vacuum feedthroughs.

To reduce the stray light of the exciting laser beams, a pinhole with a diameter of
600 pm is mounted at a distance of 8 mm in front of the ring on the main laser axis.

4.2.2 Vacuum vessel

The Paul trap is mounted in a vacuum chamber, shown in Fig. 4.8. The spherical
vessel provides optical access for observation in two directions and access for laser
beams in three independent directions. An atomic oven constructed from a steel pipe
with 2 mm diameter and 0.2 mm wall thickness, filled with Barium, is mounted in
the vessel with the atomic beam directed through the trap. On the opposite side of
the trap an electron gun provides a 400 V electron beam to ionize the Barium atoms.
Vacuum at a pressure below 107!° mbar is sustained with a 20 1 ion getter pump'” in
combination with a titanium sublimation pump!®.

7Varian Vacion Plus 20
8 Caburn
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Figure 4.8: The vacuum chamber

4.3 Detection setup

Fluorescence light from the trapped ion or ions is observed from two directions, the
front channel and the back channel. While the front channel is mainly used to monitor
the ion with the eye or with a photo-multiplier, the back channel is equipped with a
high quality lens system to collect the fluorescence light from a large solid angle with
a very good beam quality.

4.3.1 The front channel

In the front channel the fluorescence light of the ion is collected through a large
viewport!® with a macroscope®® (Fy = 2). The light can be observed either with the
eye, through oculars, or with a photo-multiplier?! and a photon counting system. The

YTarson VPN-400-T
20Wild Modell M400
21Burle C31034

39
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Figure 4.9: Setup of front observation channel

light to the photo-multiplier is spatially filtered by imaging it onto a 600 pum pinhole,
to remove stray light, and spectrally filtered with a color filter?? to block the light
at 650 nm. The pulses of the photon counting system are discriminated and counted
with a camac system?® which is read out by the controlling computer.

4.3.2 High quality lens

For interferometric experiments with the fluorescence light it is important to image
the fluorescence with high optical quality, i.e. low wavefront distortion or other aber-
rations. At the same time it is desirable to collect light from a large solid angle. In
this experiment a custom-made lens?* was chosen with a numerical aperture of 0.4
and very low wavefront distortion. Fig. 4.10 shows the lens system and the beam path
schematically. The lens is built into the vacuum chamber and the ion is imaged to
infinity to prevent additional aberrations due to the vacuum window. The quality
of the wavefront was calculated to be better than A/50 peak-to-valley for a perfectly
made lens. Due to imperfection in the production process the actual quality is slightly
lower, but measured to be better than A/10 at 493 nm with a Zeigo interferometer [66]
by the producer. The lens was then build into the vacuum system and baked out up

221,.0.T. BG40
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4.3 Detection setup

i
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Figure 4.10: Schematic setup of the lens system Halo 25/0.4

to 200° C. The quality after the bake-out has been shown with self interference of the
ion (see chapter 7) to be still on the order of A/10.

The collection efficiency of the back channel is four times larger than that of the front
channel because of the larger numerical aperture and the better anti-reflection coat-
ings. Fig. 4.11 and Fig. 4.12 show an excitation spectrum of an Ba™ ion simultaneously
recorded through the front channel and through the back channel, respectively. The
count rate of the two spectra differ by a factor of 4. The absolute collection and
detection efficiency of both channels can be calculated from the fits to the excitation
spectra. The measurement time for one data point was 7 = 0.2 s. The parameter
called ’factor’ is the relation between the counted photon rate and the population
in the P/, state divided by 1000. If all photons could be collected, this factor is the
spontaneous emission rate times the measurement time I'-7/1000. The total detection
efficiency of the front channel is 7 = 0.1% and of the back channel is 7 = 0.4%. Taking
the quantum efficiency of the photo multipliers of 7493 nm = 25% into account, these
numbers are a factor of 2.5 smaller than expected for the solid angle of the lenses.
Some of the fluorescence light is absorbed and reflected by the optics, but this is not
enough to explain a factor of 2.5.
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Figure 4.11: Excitation spectrum recorded through the front channel. The fit pa-

rameters are A, = —12.98MHz, S, = 0.74, S, = 1.68, I', = 58 kHz,
u = 4.61MHz o = 90°, factor = 18.44 and offset = 36.60. The parame-
ters are explained in section (5.4).
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Figure 4.12: Excitation spectrum recorded through the back channel. The parameters

42

are the same as in 4.11 except factor = 73.49 and offset = 79.10.



5 Preparation of single Ba™ ions

This chapter describes the steps necessary to prepare the experimental system for the
interference experiments. First, the process of generating a single Ba™ ion, or a pair of
ions, is explained. Then the reduction of excess micromotion and the measurement of
the trap macromotion frequencies are described. Finally, the experimental parameters,
such as the laser detuning and intensity, linewidth of the lasers and magnetic field, are
determined by measuring excitation spectra and photon-photon correlation functions.

5.1 Trapping of single Ba™ ions

In this section, the process of trapping single Ba™ ions is described. First, the laser
parameters have to be set to the optimum trapping conditions. The laser wavelengths
are adjusted with the help of a wavemeter with ~1 GHz accuracy and optogalvanic
spectroscopy with ~50 MHz accuracy. The relative frequency of the laser at 493 nm
to the Ba™ S; /2 — P12 transition can be determined by means of Te, spectroscopy,
described in chapter 4 and appendix A, with an accuracy of better than 1 MHz. The
laser at 493 nm for the S;/; — P/, transition is red detuned and the laser at 650 nm
for the D3/9 — Py /5 transition is held near resonance.

If it turns out to be necessary to realign the laser beams through the trap center, a
big cloud of ions is trapped first, because a cloud is much easier to find with the laser
beams than single ions. To do this, an atomic beam of Barium is generated by heating
the oven with a current of approximately 4.5 A. This beam can be ionized with an
electron beam. If the ionization process takes place inside the trap volume, the ions
will be trapped. For large clouds it is helpful to turn off the vacuum pump in order to
cool the ions by collisions with the background gas. After the laser beams are aligned
the vacuum pump is turned back on and the cloud is removed by shortly turning off
the rf driving field.

In order to trap single or few Ba™ ions the power of the driving field is set to 200 mW
which corresponds to a trap frequency of about 200 kHz. The laser at 493 nm is tuned
to A9z = —200 MHz with a power of Pyg3 = 200 4W and the laser at 650 nm is held
near resonance with Pgsg = 100 4W. The laser beams have a diameter of 2 mm and
3 mm respectively, and are focused into the trap with an f=250 mm lens. Then the
oven is heated with 4 A. When the pressure in the trap reaches about 1 % 10~® mbar,
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5 Preparation of single Ba™ ions

the electron gun is briefly turned on. If an ion is trapped, it is cooled by laser cooling
and the fluorescence level rises by about 1000 counts/s after a couple of seconds. If
no ion is trapped, the electron gun is pulsed again.

It is possible to load several ions with this method. In some cases more than one ion
is loaded at once, or unwanted species are trapped. In this case the fluorescence level
is very unsteady and one has to remove the ions by turning off the driving field. The
number of Ba™ ions can be checked by inducing quantum jumps with light from a Ba
hollow cathode lamp [56].

After the desired number of ions is loaded, the oven and the filament of the electron
gun are turned off and the driving field power is set to 2-5 W. After the oven has been
turned off, the pressure drops then from several 10~% mbar to below 1 * 1071% mbar
within a few minutes.

5.2 Minimizing the micromotion

After a single ion is trapped, it is usually displaced from the ac center of the trap,
i.e. the zero of the driving quadrupole field, due to stray electric fields which have
been produced by the loading process. In this case the driving field forces the ion
to move at the driving frequency with an amplitude which increases linearly with its
displacement from the trap center, see section 2.2. This motion leads to unwanted
Doppler broadening of the transitions of the ion. Therefore it is necessary to minimize
the micromotion by shifting the particle into the zero of the driving field. The position
of the ion can be changed by applying dc voltages to one of the end-caps and to
correction electrodes which are placed in the plane of the ring.

The amount of micromotion can be measured in three different ways in this apparatus.
The most simple way is to observe the position of the ion while the trap stiffness (power
of the rf field) is changed. This can be done with the eye or by using a camera. The ion
moves towards the ac center of the trap when the stiffness of the trap is increased. Then
one decreases the trap stiffness and changes the voltages on the correction electrodes
so that the ion is shifted to its position at high trap stiffness. Obviously, this method
works only in the 2 dimensional projection which one observes with the eye or camera.
Another method of detecting the micromotion uses a correlation measurement between
the arrival time of fluorescence photons and the phase of the driving field [23,67]. If
the laser is detuned to a frequency below the resonance frequency, the ion will absorb
and scatter more photons when it is moving towards the laser than when it is moving
in the opposite direction. The emission of fluorescence photons is therefore correlated
with the micromotion motion in the same way. The correlation is detected using a
time-to-digital converter (TDC) and histogram memory!. The arrival of a photon

LeCroy Model 4202 and 3588
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5.2 Minimizing the micromotion

starts a counter in the TDC. This counter is stopped by the next zero crossing of
the driving field. The counter value is proportional to the time delay. Then the
bin in the histogram memory, corresponding to the counter value, is increased by
one. The histogram memory is read out and reset every second and displayed on the
computer. The correlation shows up in the histogram as a modulation at the driving
frequency [23]. By moving the ion in the trap one tries to minimize this correlation.
Fig. 5.1 shows the correlation of the photon arrivals with the driving field before and
after the micromotion has been compensated. This method is only sensitive in the

_—=

1/18.8MHz

(a) before (b) after

Figure 5.1: Correlation of photon arrival with the driving field phase a) before and b)
after compensating the micromotion

direction of the laser beam, i.e. in one dimension. Therefore it is necessary to use
three laser beams coming from three independent directions in order to compensate
the micromotion in 3 dimensions.

The most sensitive method of minimizing the micromotion is the detection of the
sidebands at the driving field frequency in the hetrodyne spectrum of the fluorescence
light, see chapter 6. This method is sensitive, with a signal-to-noise ratio of 40 dB
on the carrier, to about 1 nm displacement from the trap center. The disadvantage
of this measurement is that one has to realign the heterodyne setup every time one
moves the ion in the trap.
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5 Preparation of single Ba™ ions

5.3 Measuring the macromotion frequencies

The driving electric field generates a pseudo-potential for the ion, in which the ion
moves with the macromotion frequency, see chapter 2. The frequency of this motion
depends linearly on the amplitude of the driving field and it is different in the three
spatial directions due to the geometry of the trap. The motion of the ion along
the axis of the endcaps is approximately twice as fast as the motion in the plane of
the ring. The two modes in the ring plane have slightly different frequencies due to
small aberrations of the trap ring from a perfect circle. A method for measuring the
macromotion frequencies is to apply a small rf field close to the frequency of the macro-
motion to one of the trap electrodes and observe the heating of the ion. The frequency
of this field is swept over a band of several 10’s kilohertz and one observes a dip in the
fluorescence level of the ion when the macro motion frequency is hit. Fig. 5.2 shows
the decrease of fluorescence at the x and y macromotion frequencies. The frequency
resolution of the method is limited to about 1 kHz, because the excited motion has to
be large in order to be detected on the fluorescence light. It is also possible to observe
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Figure 5.2: Measurement of the x and y macromotion frequencies at a driving power
of P=4 W. The frequencies are wy = 868 kHz and wy, = 1004 kHz

the extension of the ion in the direction of the macromotion at resonance with the eye
or with a CCD camera, as shown in Fig. 5.3. With this method the principal axis of
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5.4 Excitation spectra

the trap can also be determined. A much more sensitive method is the detection of the

Projection of the
y-oscillation mode

\ -~

Projection of the
z-oscillation mode

Figure 5.3: Picture of a single ion driven at a) the y-macromotion frequency b) the
z-macromotion frequency.

macromotional sidebands in the spectrum of the resoance fluorescence, see chapters 3
and 6.

5.4 Excitation spectra

A measurement of the fluorescence level as a function of the laser detuning is called
an excitation spectrum [68]. In such a measurement the fluorescence light is spectrally
integrated and its intensity is measured with photo-multipliers. The excitation spec-
trum can be theoretically described with the stationary solution for the population of
the Py /5 level of 8-level Bloch equations. By fitting such a solution to the experimental
data, several experimental parameters can be determined. These are the laser satu-
ration parameters S, and .S,, which are given by the ratio of Rabi frequency to the
natural linewidth Q/Gamma, the laser detunings A, and A, , a combined linewidth
of both lasers I';, the magnetic field u, the angle between the polarization of the light
and the magnetic field «, an offset due to stray light and a factor for the detection
efficiency.

To record an excitation spectrum, one laser frequency is set to a certain fixed detuning,
usually the laser at 493 nm is red-detuned to maintain cooling, and the other laser is
swept over the resonance. Such an excitation spectrum is shown in Fig. 5.4. With the
knowledge of the laser parameters from the fit to an excitation spectrum, it is possible
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Figure 5.4: Excitation spectrum and fit. The fit parameters are S,=1.42, S,=3.02,
A, = —19.37 MHz, I') = 4.25 kHz, u = 3.83 and o = 90°

to control and optimize these parameters for the experiments described in the next
chapter.

5.5 Intensity correlation measurement

The intensity correlation function g?(7) of the resonance fluorescence, i.e. the corre-
lation of arrival times of fluorescence photons from a single Ba™ ion (see chapter 3)
can be measured with a start-stop measurement of the detected photons. The mea-
surement is done with a TDC, which is started by one detected photon and stopped
by the next detected photon. The TDC has a resolution of 156 ps, much shorter
than the lifetime of the Py, state. Due to the dead time of the photo-multiplier, on
the order of several ns after the detection of a photon, it is necessary to use different
photo-multipliers to generate the start and stop signals. One can show [51] that the
photon detection efficiency does not change the outcome of the measurement. This
experiment to measure the intensity correlation function g?(7) is only valid for times
7 much smaller than the average time between two photons. ¢?(7) is defined as the
correlation between two arbitrary photons at time ¢ and ¢t + 7 independent of whether
other photons are detected in the interval between ¢ and ¢ 4+ 7. In this measurement,
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5.5 Intensity correlation measurement

the next detected photon is always used to stop the measurement.
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Figure 5.5: Measured g® correlation function for a single Ba® ion. The theoretical
line is a fit to the detuning of the red laser A, only, the other parameters
were determined from the excitation spectrum in Fig. 5.4. The red laser
detuning is A, = 6.61 MHz.

A measured ¢g® function and the fit to 8-level Bloch equations is shown in Fig. 5.5.
Most of the parameters have been deduced from an excitation spectrum recorded
before. The only free parameters are the red laser detuning, a factor and an offset.

49



5 Preparation of single Ba™ ions

20



6 Spectrum of the resonance
fluorescence

This chapter describes the spectrally resolved measurement of the coherent part of the
resonance fluorescence. The coherently scattered light of an atom at rest consists only
of a single spectral component at the driving laser frequency. An ion stored in a Paul
trap is not at rest but moving with the frequency of the driving field wy,;ero and with
the macro-motion frequencies w,,qro. Therefore, sidebands appear in the fluorescence
spectrum at these frequencies, as shown in Fig. 6.1. From a measurement of the

central peak
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Figure 6.1: Motional sidebands in the spectrum of resonance fluorescence. The central
peak is the coherently scattered light, the same as for an atom at rest. Its
frequency is the laser frequency, its width Av relative to the exciting laser
is zero. The macro and micro-motion of the trapped ion lead to sidebands
which are displayed schematically. The widths Avr of the micro-motion
sidebands are zero, the width of the macro-motion sidebands is determined
by the rate of optical cooling. Higher order sidebands are not displayed.

strengths and the widths of the motional sidebands, one can calculate the amplitude
and the damping of the corresponding oscillation mode.
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6 Spectrum of the resonance fluorescence

In the following, first the heterodyne setup is described. Then the experimental results
are presented which were obtained with the two different lens systems used to collimate
the fluorescence light, the Zeiss Kollimator 100 and the Linos Halo 25/0.4.

6.1 Spectrally resolved detection of fluorescence light

In order to resolve the spectral components of the fluorescence light, it is necessary to
introduce a tunable narrow band filter into the detection channel. The frequency of
this filter is then scanned and the fluorescence intensity is recorded versus the filter
frequency.

This filter can be a Fabry-Perot interferometer placed in front of the photo-multiplier.
A Fabry-Perot has the advantage that it does not introduce additional noise, but its
resolution is limited to several 100 kHz or several MHz. It is suitable to record broad
features in the fluorescence spectrum like the Mollow triplet [24,69]. Narrow spectral
features like, e.g., closely spaced sidebands or the coherent scattering peak, cannot be
resolved with a Fabry-Perot interferometer, neither can the correlation of the scattered
light with the exciting laser be determined.

Here, in order to resolve the narrow Rayleigh scattering and its motional sidebands,
a heterodyne detection scheme was chosen. A simple heterodyne detector is shown
in Fig. 6.2. The fluorescence light Ey(t) is superimposed on a beam splitter with a
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Local oscillator {1-RE,+ R E, ° !
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Figure 6.2: Setup of a simple heterodyne detection scheme

reflectivity of R, 0 < R < 1, with a local oscillator Ej,(t) = Ej, exp~“! which has
a frequency offset relative to the signal field. The frequency offset is chosen that the
signal at the difference frequency is not disturbed by the technical 1/f noise but can
still be detected with photodiodes. A good value is on the order of several 10’s MHz.
The superimposed light Fy,(t) = VR-E 71(t)+v1 — R-Ej,(t) produces a photo current
on the detector, which has a contribution at this offset frequency. The light fields are
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6.1 Spectrally resolved detection of fluorescence light

assumed to be plane waves within an area A, which is smaller than or equal to the
detector size. Their total optical power is then P2 = 2egcA < Eyoy(t)*E(t)tor >. The
power spectrum of the photo current is measured with a spectrum analyzer.

The measured photo current i(¢) is proportional to the intensity of the superimposed
light fields

i(t) = %HTAEOCNE “Eu(t) +V1—R-Ey,(t))* =

=r{(1 = R) - Ej,E, + R Ep(H)Ep(t) + VR — R? - Re[E} Ejpe” ']}

(6.1)

where 7 is the quantum efficiency of the detector, and k = 267%—?)606 [70]. The photo
currents generated by the fields E(t) and Ej, alone is if(t) = kR < Ep(t)*Ep(t) >
and i, = k(1 — R)E} Ej,, respectively. The average < ... > is the time average over
the terms oscillation with optical frequenencies. The local oscillator is asumed to be
an constant, plane wave. Therefore the average over its photo current is constant.
The power spectrum of the photo current is

Pr(w) ! /OO C(I)(T)e_inT (6.2)

= % i

—00
with the correlation function Ci(l)(T) of the photo current. This is

CO () =< i(t + 7)i(t) >=<i(t) > gD () (6.3)

with i .

gD (r) = < Bl (t+ 7)Eor(t + 7) By (8) Eror () >

< Eji(t) Bior () >2

the intensity correlation function of the superimposed light. Equation (6.3) holds
for classical signal and local oscillators. The quantization of the light field and the
current can be accounted for by adding an extra term [71]. This so called shot-noise
term corresponds to that part of the total current at the times ¢ and ¢ + 7 which is
associated with a single photo-electron. Let the current of a single photon be ed(t).
The single electron correlation function is < ed(t+7)ed(t) >= e2§(7), and with photo-

(6.4)

electrons generated at an average rate of < i(t) > /e the total contribution to Ci(l)(T>
becomes e < i(t) > §(t). The photo-current correlation function becomes

CY(r) =<i(t) >2 ¢@(7) + e < i(t) > 8(7). (6.5)

)

This result is identical to that of a rigorous quantum treatment [71]. Eq. (6.5) is
expanded in terms of Ej, and Ey(t). The fast oscillating terms are averaged out and
only the terms containing i;, and i}, are retained:

M (7) =v1 = Reid(r) + (1 — R)i2 +

o | | (6.6)
VE= i, < iplt) > 7 g)(7) + g )
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6 Spectrum of the resonance fluorescence

The spectral density of the photo current measured by a physical spectrum analyzer
is

Prees(w) =VI=R=2+ (1= R o)+

o - . 6.7)
il t . . (
R — R2 1] < Zfl( ) > . / ezwlng;%) (T>€—Zw7‘d7_

7

The measured power spectrum density of the photo current contains three terms:
The shot-noise /1 — R gives rise to a constant background in the spectrum (white
noise). The dc part (1 — R)i?d(w) is generated by the local oscillator and is zero

except at w = 0. The signal term v R — RQW o eiwlngﬁ)(T)e’inT is an
exact replica of the spectrum of the fluorescence light, shifted by the local oscillator
frequency. In this description, the electronic noise introduced by the detector (Johnson
resistor noise and amplifier noise) is neglected. This is valid if the shot-noise is much
larger than the electronic noise of the detector (shot-noise limit). The ratio between
signal and shot noise increases for increasing reflectivity R of the beamsplitter. The
reflectivity is limited in the experiment because one has to increase the local oscillator
power when increasing R to stay in the shot noise limit regime. An additional noise
source is amplitude fluctuations of the local oscillator, i.e. if 7;, is not constant. Their
influence can be greatly reduced by a balanced detection scheme, shown in Fig. 6.3.
This scheme also has the additional advantage that the part of the signal which is
transmitted through the beam splitter is used. The measured power spectrum density
has the same form as (6.7), but without the dc term and no part of the signal is
wasted:

el o <tp(t) > [ . - Cior
P = S =2 [ ) (638)

6.2 The signal-to-noise ratio in heterodyne detection

Let the total power Py = 24, < ip(t) > /m of the signal be distributed over a
spectral bandwidth Av, so that the spectral power density at the center frequency w,
is Pr(w.) = Pp/Av. The ratio between the spectral power density of the signal at
the center frequency w, and the shot noise power density Py = €ij,/ is

Pﬂ(wc) _ 2 < ’ifl<t> >

N pummy
SENR Pshot eAv

(6.9)

and will be called signal-to-shot-noise ratio (SSNR) in the following. The SSNR can
also be expressed in terms of the number of signal photons N = P;le " hw,

_ N
SSNR = . (6.10)
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6.2 The signal-to-noise ratio in heterodyne detection
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Figure 6.3: Setup of a balanced heterodyne detection scheme

In the derivation of the SSNR, plane, perfectly parallel light fields are assumed, i.e.
the overlap between signal and local oscillator beam is perfect. However, this is not
the case in the experiment. The wavefronts of the signal and local oscillator can be
mismatched due to imperfect parallelity and overlap. Also, their wavefronts can be
deformed by optical elements, e.g. the collimation lens. The quantum efficiency of the
photodetectors that are used can also vary spatially. This can be taken into account
by integrating spatially over the electric fields [72]:

song ™ | nEREdAP [ n|E[*dA
Av 2 [|E2dA [|Enp?dA [ 5]|Ep|2dA

(6.11)

The achievable SSNR depends very strongly on the relative wavefront error of both
fields and on their parallelity. Therefore, these parameters have to be controlled very
carefully in the experiment.

The maximum SSNR achievable in this experiment, assuming perfect matching of
the beams and wavefronts, can be calculated. The number of coherently scattered
photons is calculated from the optical Bloch equations as described in chapter 3. It
is the spontaneous emission rate I'sp = 27 - 15.1 105s~! times the population of the
Py/o state, pg, times the first order correlation function of the green light for long
times, gV (7 — o0). The value of pyy - gV (7 — o0) is <0.02 in the case of Ba'.
The maximum number of coherently scattered photons is therefore N,, = 1.9 106571,
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6 Spectrum of the resonance fluorescence

Of these photons, 1.6% are collected by the HALO 25/0.4 lens. The total detection
efficiency is about ~ 50%, i.e. the photo diodes have quantum efficiency of 80% and
other losses are smaller than 40%. With perfectly overlapping wavefronts, the number
of collected and detected signal photons is N = 15000. These signal photons are
spread over the carrier and the sidebands of motion. Assuming an ion in the Lamb-
Dicke regime, such that the motional sidebands are much smaller than the carrier,
e.g. 50% power in the carrier, a SSNR on the carrier of 7500 (38 dB) in a detection
bandwidth of 1 Hz can be expected. On the carrier, the detection bandwidth can be in
principle reduced to 0, because the carrier is completely coherent with the exciting laser
field and therefore with the local oscillator. The macro-motional sidebands however
are broadend by laser cooling. Their width is expected to be in the range of several

100 Hz.

Another measure for the visibility of spectral components in the measurement is the
ratio of the signal height to the sum of noise on the signal and shot noise. This
measure is called averaged signal-to-noise ratio (ASNR) in the following. The shot
noise power density ei;, /7 in the power spectrum fluctuates due to the random nature
of the photon detection. The noise of the signal is its shot noise, i.e. the square root
of the number of signal photons N. This noise can be reduced by averaging over an
number M of measured spectra. The ASNR is then

nN/Av i SSNR
V1+nN/Av Vv1+SSNR

In the measurement of the motional sidebands the number of averages was set to
M = 1000, the SSNR was 0.1 in this case, resulting in an ASNR = 3. The SSNR is
also a measure for the signal-to-noise ratio of the photo current in the time domain.
E.g. if one wants to use the heterodyne signal of the macro-motional sidebands to
gain information of the ion motion in real time in a bandwidth Av, that would require
a SSNR> 1 in Av.

ASNR = VM (6.12)

6.3 Experimental realization of the balanced
heterodyne detector

In the experimental realization the division ratio of the beam splitter is not exactly
1:1 because of uncertainties in the production process. This imbalance leads to a
deterioration of the local oscillator noise reduction. Therefore, this beam splitter is
replaced by a combination of polarizing beam splitters and a half-wave plate, as shown
in Fig. 6.4. The light fields which excite the ion and the local oscillator are generated
from the same laser, and are, therefore, coherent. The laser light which excites the
ion is frequency-shifted with an acousto-optical modulator (AOM) by 115.86 MHz,
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6.3 Experimental realization of the balanced heterodyne detector
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Figure 6.4: Setup of a balanced heterodyne detection scheme using polarizing beam
splitters.

the local oscillator is shifted by 85.16 MHz. The heterodyne signal of the carrier is
expected at the difference frequency of both AOMs. This frequency is not generated
elsewhere in the setup, such that no electrical crosstalk perturbs the final signal,
neither can any residual amplitude modulation in one of the beams create a 30.7 MHz
signal on the photodiodes. The fluorescence light, after collimation with the lens, is
superimposed on a polarizing beam splitter with the local oscillator field. The electric
field of the superimposed light is E(t) = €,Ey(t) + €,Ej,(t). The polarization of the
light is rotated by 45° with a half-wave plate, and the beam is split into two parts E
and Fs on a second polarizing beam splitter.

Ei(t) = &J5(En(t) + Ey(t)) (6.13)
Ex(t) = &,75(En(t) — Ei(t)). (6.14)

The negative sign in (6.14) is caused by a phase-shift of 7 through the half wave plate.
The half-wave plate is rotated to the best balance, i.e. the best supression of the
local oscillator noise. The intensities of the two output fields are detected with two
photodiodes resulting in photo currents I;(t) and I5(t)

L(t) o< Eb(t)?/2+ E,(t)En(t) + En(t)?/2 (6.15)
L(t) o E,o(t)?/2 — E(t)En(t) + En(t)?/2. (6.16)
These photo currents are the same as described in section (6.1). The photo currents are

subtracted and converted into a voltage. This signal is mixed down with an additional
RF field to about 50 kHz, low pass filtered, and then analyzed using a fast Fourier
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6 Spectrum of the resonance fluorescence

transform spectrum analyzer! The electronic noise power of the detector is three times
smaller than the shot noise power of the local oscillator when 2 mW optical power is
used (shot noise limit). All RF sources used in this setup are derived from the same
10 MHz quartz reference oscillator.

6.4 Measurements with the Zeiss Kollimator

0

A/2 PBS A/2

+80 MHz | R
AOM
PBS
f40.7
Paul tra
| +112.5 MHz N4 P
Y2 AOM y % FFT

Be_am N Electrodes ana'yzer
splitter

Figure 6.5: Heterodyne experiment with the Zeiss Kollimator.

The experiment was first equipped with a Zeiss Kollimator to collect the fluorescence
light. The results of this work are published in [73], which is also reprinted in Appendix
B. First, the setup of the detection scheme is described, and measurements of the
carrier and the micro-motion sidebands are presented. Finally, the measurement of
the cooling rate by probing the macro-motion is shown.

6.4.1 Detection scheme

The setup of the heterodyne detector is shown in Fig 6.5. The light of the ion is
collected with a Zeiss Kollimator 100 system. This Zeiss lens has a very high numerical
aperture NA=0.7 and collects 15% solid angle. The local oscillator is spatially filtered
and mode matched with a telescope. The detection scheme is the one described in

IStanford Research SR770
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6.4 Measurements with the Zeiss Kollimator

section (6.3). The expected signal-to-noise ratio should be 3 times higher than the
one calculated in section (6.2), because of the larger collection efficiency of the Zeiss
lens compared to the HALO 25/0.4.
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sideband sideband
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Figure 6.6: Spectrum of the resonance fluorescence of a single ion. The carrier and the
two sidebands of micro-motion are shown.

6.4.2 Rayleigh peak and micro-motion sidebands

A typical spectrum of the carrier and sidebands of the micro-motion is shown in
Fig. 6.6. Here the resolution of the FFT spectrum analyzer was set to 1 Hz.

The signal-to-shot-noise ratio of the carrier is 50 (17 dB) in this example, about
two orders of magnitude smaller than the value expected for perfect overlap of the
fluorescence beam with the local oscillator. The reason is the very bad imaging quality
of the Zeiss Kollimator. The wavefront distortion of this lens has been calculated with
Zemax? to be 50 \.

The 6-like nature of the Rayleigh scattering (the carrier peak in Fig. 6.6) is demon-
strated in Fig. 6.7. Here the resolution of the analyzer is set to 61 mHz and the
spectrum still consists of only one point. The linewidth of the Rayleigh carrier is
theoretically zero, in the experiment it is limited by the mechanical stability of the
setup, which forms a Mach-Zehnder interferometer with the ion serving as one mirror.

2Focus Software, inc.
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6 Spectrum of the resonance fluorescence
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Figure 6.7: The carrier of the Rayleigh scattering with 61 mHz resolution.

6.4.3 Measurement of the cooling rate

Direct measurement of the macro-motion sidebands, i.e. of the freely oscillating ion,
with an SSNR=1 requires as many detected photons in that sideband as its width
in Hz. The width of the sidebands is expected to be of the order of several 100’s
Hz. The maximum number of detected signal photons on the carrier is 50. Assuming
that the power in the macro-motional sideband is 20% of the carrier, one can expect
10 signal photons on the sideband in a bandwidth of several 100 Hz, resulting in a
SSNR of ~0.02. Averaging over many spectra to achieve an ASNR > 1 would take
an unreasonably long time, i.e. many 10’s of minutes.

Yet there is a possibility to measure the frequency and the damping of the macro-
motion by probing it with a weak electrical excitation. The electric field is applied to
a trap electrode, the same as for the measurement of the macro-motion frequency in
(5.3), but its voltage is smaller by a factor of 100. The ion is excited and oscillates at
the frequency of the exciting field with an amplitude that depends on the detuning of
the electric excitation from the mechanical resonance of the ion, and on the damping
of the oscillation. The important point is that this additional oscillation is coherent
with the electric excitation, which itself is in phase with the AOM driving fields. The
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6.4 Measurements with the Zeiss Kollimator

amplitude of the driven oscillation at the frequency w is then

Zo

ey

(6.17)
with the maximum amplitude xy which depends on the driving strength, the resonance
frequency wy and the damping Aw, which is equal to the cooling rate. The relative
heights of the carrier and the sidebands are given by the Bessel functions J,(kz(w),
n = 0 for the carrier, n = 1 for the sideband, with the wave vector k of the fluorescence
light. The corresponding sideband in the fluorescence spectrum is as narrow as the
carrier and can therefore be detected even when the limited signal-to-noise ratio does
not allow detection of the free oscillation.

Fig. 6.8 shows the amplitude of the carrier and the corresponding sideband as the
frequency of the exciting electric field is scanned. The two curves were fitted with
functions |A,J,,(m(farive))|?, n = 0 for the carrier, n = 1 for the sideband, where
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Figure 6.8: Heterodyne signal showing the sizes of the elastic peak (upper trace) and
the sideband of the weakly excited macro-motion (lower trace) as functions
of the excitation frequency fgive. For the elastic peak the FFT analyzer
frequency is kept fixed while for the sideband it is shifted by fauve. The
bandwidth is 1 Hz.
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6 Spectrum of the resonance fluorescence

m( farive) Was assumed as

MMax
m(fdri'ue) - 1 + (fdrive_fmacro)Q (618)

Af/2

as expected for a damped harmonic oscillator. The parameters of the fit are the
maximum modulation index m ., = 1.5 and the width of the macro-motion resonance
Af = 750 Hz which corresponds to a cooling rate of 750 s~!. The cooling rate
can be theoretically estimated with the model described at the end of chapter 2.
The parameters used for this estimate were calculated from a fit to an excitation
spectrum recorded directly after the sideband spectrum had been measured, i.e. with
the same parameter settings. These are the detunings A3 nm = 27 * —19 MHz
and Agso nm = 27 * 5 MHz, the saturation parameters 493 nm/T493 nm = 1.4 and
Q650 num /650 nm = 2.9, a laser linewidth of T') = 17 kHz, a magnetic field p = 3.6 % up
and an angle between magnetic field and light polarization of 95°. The laser at 650 nm
is set to maximum fluorescence, i.e. the population pp does not depend on the red
laser detuning to first order, and can therefore be neglected for the calculation of the
cooling rate. Then the simple model described in chapter 2 gives a cooling rate

a=2—T-"" (6.19)

With the parameters from the excitation spectrum, one calculates a cooling rate of
a = 21 % 640 s~! which agrees well with the measurement. The residual disagreement
most likely arises because this model assumes that the cooling rate of the ion is not
altered due to additional excitation, which is only valid when the amplitude of the
driven oscillation is small compared to the laser wavelength (Lamb-Dicke regime). In
this case the maximum oscillation amplitude A of the excited motion is A = m*\ /27 =
120 nm. The dependence of the cooling rate on the excitation parameters has not
been investigated further, because after this measurement the Zeiss lens was replaced
to achieve a better heterodyne signal and measure the sidebands without excitation.

6.5 High quality lens

6.5.1 Experimental setup

The setup with this lens is shown in Fig. 6.9. As it turned out after lengthy investi-
gations, the experiment just described was limited by the imaging quality of the Zeiss
Kollimator. Several alternatives were considered. The most promising was a custom
made lens Halo 25/0.4 from Linos Photonics with 0.4 numerical aperture and very low
wave front distortion.
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Figure 6.9: Heterodyne experiment with the Halo 25/0.4. The telescope to shape the
superimposed beam is not shown.

In order to profit from the high wavefront quality of the fluorescence beam, much more
care was taken when generating the local oscillator and superimposing the beams on
the polarizing beam splitter. The local oscillator is generated by focusing the laser
beam with a microscope objective onto a 1um pinhole, which is then imaged with
a second Halo lens. With this setup, the wavefronts of the fluorescence beam and
the local oscillator are made to match as closely as possible. The two beams are
superimposed on a high quality PBS? which does not add wavefront distortions. The
superimposed beams are transformed with a telescope from a diameter of 21 mm to
2 mm. The detector setup is the same as in the Zeiss experiments.

6.5.2 Experimental results

First, the carrier of the coherently scattered light was measured. Fig. 6.10 shows the
carrier recorded with a detector bandwidth of 62.5 Hz. The signal-to-shot-noise ratio
in this example is 6.1, this corresponds to a SSNR of 386 (26 dB) in 1 Hz detection
bandwidth, which is about ten times better than with the Zeiss lens. This SSNR is
smaller than the theoretically expected SSNR = 7500 (38 dB). The likely reason for
this is the still imperfect superposition of the local oscillator and signal beam. While
the parallelitism can be controlled very well, the overlap of the beam centers, i.e. the

3Halle PTW 30
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6 Spectrum of the resonance fluorescence
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Figure 6.10: Central peak of Rayleigh scattering recorded with Halo 25/0.4. The de-
tection bandwidth has been set to 62.5 Hz. The SSNR is 6.1 and the
ASNR = 400 in 62.5 Hz. This corresponds to a SSNR = 386 in a de-
tection bandwidth of 1 Hz. In this example the carrier peak has 0.35 uV,
the shot noise average is 56.5 nV and the standard deviation of the shot
noise is 0.9 nV.

spatial offset, is uncertain in the 1 mm range. Nevertheless, this SSNR is sufficient
to record the macro-motional sidebands in a reasonable averaging time of about one
minute.

A measurement of the macro-motional sidebands is shown in Fig. 6.11 and 6.12.

These measurements are the upper x-motional and upper y-motional sideband. The
signal-to-shot-noise ratio is ~0.1 (-10 dB) in 62.5 Hz detection bandwidth, the average
signal-to-noise ratio after 1000 averages is about 3. The z-sideband cannot be detected
due to the geometry of the setup. A fit of a Lorentzian to the sidebands is displayed in
the figures. The full width at half maximum is 620 +574/-416 Hz for the x-sideband
and 610 +570/-400 Hz for the y-sideband. The large errors are cause by the low
ASNR. This measured cooling rate can again be compared to the simple model, as
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Figure 6.11: Upper x-motional sideband of the macro-motion. The SSNR is about
0.11 in 62.5 Hz detection bandwidth, ASNR = 5.6.
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Figure 6.12: Upper y-motional sideband of the macro-motion. The SSNR is about
0.09 in 62.5 Hz detection bandwidth, ASNR = 4.4.

described in section 6.4.3. The laser parameters are determined from a fit of optical
Bloch equations to the excitation spectrum shown in Fig. 6.13. They are Avyz =

27w - —20.4 MHZ, AI/650 =27 - —|—7 MHZ, Q493/F493 == 059, and QG5O/F65O = 2.54. The
magnetic field is v = 4.4 MHz puy and the angle between the magnetic field and the
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Figure 6.13: Excitation spectrum of a single Bat ion with the same laser parameters
as used for recording the sideband spectra in Fig. 6.11 and 6.12

polarization is 91°. As in section 6.4.3, the influence of the red laser on the cooling is
neglected. The slope of the population of the excited state versus the green detuning

is 8§Z593 =3.6- 10*9HZ_1/27T. The cooling rate is given by

hk’Q 8pp

r 6.20
2M 493 aAV4g3 ( )

oa=2

with % = 27 - 5.9 kHz and T'y93 = 27 - 15.1 MHz. The calculated cooling rate with
this model is ayy, = 27 - 640571,

Another example is shown in Figs. 6.14 and 6.15. Here the laser parameters are slightly
different. They are calculated from the excitation spectrum shown in Fig. 6.16 as
AV493 = 21 .- —=27.2 MHZ, AV650 =0 MHZ, Q493/F493 = 061, and Q650/F650 = 1.28.
The magnetic field is v = 4.3 MHz gy and the angle between the magnetic field
and the polarization is 91°. The measured cooling rates from Figs. 6.14 and 6.15
are o = 2 - (340 + 500/ — 140) s! and o, = 27 - (250 + 430/ — 200) s*. The
calculated cooling rate from the laser parameters with %%93 =1.6-10"Hz '/27 is
a = 27 - 289 571, which is in good agreement with the measured value.

In this chapter the measurement of the coherent part of the fluorescence spectrum
was described. The experiment was focused on measuring the motional sidebands of
a trapped Ba™' ion. With the Zeiss lens it was possible to detect the carrier and the
micro-motional sidebands in the spectrum of resonance fluorescence. However, the
achivable SSNR was limited by the optics to 50 in 1 Hz on the carrier. The sidebands
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Figure 6.14: Upper x-motional sideband of the macro-motion. The SSNR is about
0.08 in 62.5 Hz detection bandwidth, ASNR = 4.2.
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Figure 6.15: Upper y-motional sideband of the macro-motion. The SSNR is about
0.09 in 62.5 Hz detection bandwidth, ASNR = 4.9.

of macro-motion could be detected by weakly exciting the ion with an electric field
and measuring the sideband at the exciting frequency. With this method, the cooling
rate of the ion was determined.
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Figure 6.16: Excitation spectrum of a single Ba™® ion with the same laser parameters
as used for recording the sideband spectra in Fig. 6.14 and 6.15

The detection scheme was enhanced by replacing the Zeiss lens with a custom made
lens, the HALO 25/0.4, which has a very good beam quality. With this setup, the
SSNR on the carrier was improved by a factor of nearly 10 to give a SSNR=400 (26 dB)
maximum. We were also able to detect the macro-motional sidebands directly with
an SSNR=0.1 (-10 dB) in a detection bandwidth of 62.5 Hz. The measured width
of the sideband is in good agreement with the value determined by the simple model
described in section 6.4.3.

The maximum SSNR achieved is still about a factor of 10 smaller than expected for
a perfect superposition of local oscillator and fluorescence beam. A factor of 2 can be
gained by enhancing the detection electronics. At the moment noise from the mirror
frequency is mixed into the signal, increasing the noise by a factor of 2. This can be
avoided by first bandpass filtering to remove this noise. Also, the generation of the
local oscillator and the overlap of the two beams can be improved by better control of
the spatial overlap.

If the SSNR on the macro-motional sidebands can be improved to be larger than 1,
one could gain real time information about the ion’s motion, i.e. as fast or faster than
the damping of the motion. This signal could then be fed back onto the ion either by
modulation the lasers or with an electric field to directly cool the motion.
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[ Interference experiments with
single ions

This chapter presents the second part of the main experimental results of this thesis.
At the beginning, the objective of these measurements was to test the image quality
of the new HALO 25/0.4 lens. Therefore, an interference experiment was setup in
which the light emitted from the ion into the front channel was superimposed with
light reflected back from the back channel, as shown in Fig. 7.1. In the course of
the experiment it turned out that, the results cannot be explained with a simple light
interferometer but it is necessary to include the internal dynamics of the ion, its motion
and, furthermore, the influence of the ion-mirror distance on the internal state of the
ion.

Fluorescence light D Back reflected light
S
¢ = |
Interference

Figure 7.1: Principle of the interference experiment

The lens and the mirror together form a half-cavity. Due to the large solid angle
collected by the HALO 25/0.4, the focus is very tight, ~ 1um, and the mode volume
is correspondingly small. The ion can be shifted into a node or an anti-node of the
standing light field created by the mirror, by changing the distance between ion and
mirror with a piezo ceramic. The light which is emitted into the front channel, i.e.
the opposite direction of the mirror, is detected as a function of the mirror position.

First, a simple theoretical model is given, then the experiment is described.
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7 Interference experiments with single ions

7.1 Simple Model

The idea of this experiment is, as shown in Fig. 7.1, to collect a part of the fluorescence
light of an ion and reflect it back onto the ion with a mirror. One can try to describe
this experiment with a modified Mach-Zehnder interferometer setup, shown in Fig. 7.2.
This approach is, however, not sufficient, because it neglects the influence of the

$ LLZ[ZLL Mirror

Exciting

|aser lon

Direct Reflected
beam YY beam

\J)
Detector

Figure 7.2: Simple, but wrong picture

standing wave produced by the mirror on to the ion.
A better model has to include the back action of the fluorescence light onto the ion.
The intensity recorded in the front channel is given by

[ =<[EYt) + EYt +7)][E@) + E(t 4 7)) > (7.1)

with the time distance 7 = 2L/c given by the distance L between ion and mirror. The
electric field operator can also be written in terms of atomic flip operators 6~ and 67,
see chapter 3

I=L<[gtt)+ort+n]6 @)+ (t+7)>. (7.2)

This expression can be rewritten in terms of the first order correlation function of the

fluorescence light ‘
I =2I[1 + Re(gW(r)e ™). (7.3)

One finds that the light intensity is modulated according to the phase delay between
the direct part and the reflected part, e=™7. The visibility of the modulation, assum-
ing perfect reflection and perfect superposition of the two contributions, is given by
g (1), i.e. it depends on the atomic dynamics during the time the field travels to the
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7.2 Experimental setup

mirror and back. This shows already that the atom itself is involved in the observed
interference, which is why the simple 2 beam interferometer picture cannot be correct.
The back action onto the ion can be described by modifying the decay operators C. of
atomic states used in the optical Bloch equations, see chapter 3. The standard atomic
flip operator is

C'=VT |g)le]| =VT 0. (7.4)

This operator is now split into two parts, the decay into free space, which is not
affected by the mirror, and the decay into the mode volume affected by the mirror.

The unaffected part is X
C"=+/(1-29) o~ (7.5)

with ¢ being the fraction of the solid angle in which light is collected by the lens and
back reflected by the mirror. The modified part is given by

C' = \/oT (07 (t) e ™ + o~ (t + 1) e @ (H7), (7.6)
Assuming the atomic evolution is much slower than the time 7, one can write

C'=/oT o (1+e ™). (7.7)

This decay operator represents the situation that the two decay channels, a photon
emitted directly into the detector and a photon which reaches the detector after re-
flection, are indistinguishable in the observation such that their amplitudes have to be
added. In the experiment the solid angle of the lens is 4w ¢ = 47 0.04. The atomic
decay rate on Py — S;/5 can therefore be changed by up to 8%.

7.2 Experimental setup

The setup of the interference experiment is shown in Fig. 7.3. The high quality lens
(L1) collects the fluorescence light of the ion in 4% solid angle and images it into a
Gaussian beam with zg ~ co. The fluorescence light at 493 nm is reflected back with
a mirror (M1). The distance between the ion and the mirror is 25 cm. The mirror can
be aligned with a precision mirror mount and, additionally, with two PZTs for fine
tuning. The distance between the mirror and the ion is varied with a PZT. The light
emitted into the direction opposite to that of the mirror is collected with a second
lens (L2) and detected with a photo multiplier (PM2). The coarse alignment of the
mirror M1 can be controlled with the eye through L2. When the mirror is misaligned,
one sees two spots, one being the ion and the other its mirror image. The mirror is
aligned such that both spots overlap maximally. Then, in the fluorescence recorded
with PM2, interference fringes are observed as a function of the mirror distance. The
visibility of these fringes is optimized by tuning the voltages applied to the PZT of
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7 Interference experiments with single ions

Movable mirror
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Dichroic mirror
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Figure 7.3: Setup of the interference experiments

the mirror mount. A typical interference pattern with a visibility of ~40% is shown
in Fig. 7.4. The measured data was fitted with a sine function. The parameters were
the amplitude and offset. Due to the non-linearity of the piezo, it was necessary to fit
the x-axis with a third order polynomial.

7.3 Visibility of the fringes

The visibility of the interference fringes is limited by several factors. The most obvi-
ous factor is the optical quality of the ion-image superposition. It is limited by the
wavefront qualities of the lens L1, the vacuum window and the mirror M1. From the
data sheet of the lens one can expect a visibility of 80%-90% measured with a Zeigo
interferometer.

Another limiting factor is the motion of the ion along the optical axis of the lens, which
averages over the interference fringes and lowers the visibility. This contribution is
calculated as follows. The phases of the two paths into the detector vary due to the
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7.3 Visibility of the fringes

Interference of a single ion with its mirror image
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Figure 7.4: Interference of a single ion with its mirror image.

motion of the ion z like

d

% = —wy — kx for the direct part (7.8)
do, : .

o W + ki for the indirect part. (7.9)

Assuming the ion oscillates harmonically z(t) = xosin(wt) with frequency €2, ampli-
tude g, and the wavenumber £ of the fluorescence light, the intensity measured on
the photo detector at time ¢ is

I(t) — |€—ikx0 sin(Qt) + 627jkL€+ikxo sin(Qt)|2 — 4C082[k5(2L + To sin Qt)] (710)
Averaging over many coherent oscillation periods gives
< I >=2(1+cos(k2L)Jo(27)) (7.11)

with n = kxg and Jg being the zero order Bessel function. The visibility of the fringes
is thus limited by the factor Jo(27n). The trapped ion is not oscillating with a fixed
amplitude, but in a thermal state, therefore one has to integrate over all possible
harmonic oscillation amplitudes with the weight ¢g(n) which is given by the thermal
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7 Interference experiments with single ions

excitation of the ion. The average detected intensity is then

2 2
Liperm = 2(1 + cos(k:QL)exp(—mh;Tm)Io(nthgm) (7.12)

with the thermal spread e and Iy being the modified zero order Bessel function.
Fig. 7.5 shows the visibility as a function of the thermal spread nerm-

0.8 |- 4
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0.5 | .

Visibility of the fringes

04| .

0.3 | .

0.2 | <

0.1 ‘ ‘ ‘
0 05 1 15 2 25 3

Thermal spreadn, -

Figure 7.5: Calculated visibility of the interference fringes as a function of the thermal
spread Mherm-

Another contribution which lowers the visibility is the coherence of the light emitted at
time ¢ and reflected by the mirror, with the light emitted at time t+2L/c and detected
directly. This contribution can be calculated, as shown in Egs. (7.1) to (7.3), from the
first order coherence function g™ (2L/c) for various laser parameters. A measurement
of the visibility of the interference fringes versus the green laser intensity was made,
as shown in Fig. 7.6. However, this measurement shows a large discrepancy between
the experiment and the model including only the coherence function g(V)(2L/c). The
reason for this is that a change in laser intensity alters the temperature of the ion also.
A calculation including the laser cooling isn’t done yet.

When the ion is well cooled and the optics are optimized, the visibility can be as high
as 72%, as demonstrated in Fig. 7.7.
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7.4 Modification of the spontaneous emission rate
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Figure 7.6: Visibility of the interference fringes as a function of the saturation param-
eter on the green transition. The lower curve are the measured data. The
calculated ¢" is shown in the upper curve. In the middle curve the visi-
bility is normalized to the visibility in the experiment for low saturation.
The discrepancy between the experimental data and the theoretical curve
is due to changes of the ion’s temperature for different laser intensities.

7.4 Modification of the spontaneous emission rate

A valid description of the observed interference is that the presence of the lens-mirror
system causes a change in the mode density of the electric field around the ion. De-
pending on the mirror distance, i.e. whether the ion sits in a node or in an anti-node
of the standing wave, the vacuum field in the 4% solid angle of the lens and in the 4%
in the opposite direction can be suppressed completely or enhanced by a factor of two.
This leads to the observed suppression or enhancement of the green fluorescence in the
direction opposite to the mirror. The spontaneous emission rate into the remaining
92% solid angle is not modified, leading to a maximum change of £8% in the total
spontaneous emission rate when the visibility is 100%.

In order to observe a modification of the total spontaneous emission, one has to find
a measure for the population of the Py, state. In the case of Ba*, a good measure is
the fluorescence light from the P; /o — D3/ transition at 650 nm. This red fluorescence
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7 Interference experiments with single ions

Interference of a single ion with its mirror image
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Figure 7.7: Interference fringes of a cold ion with a visibility of 72%.

is also collected with the lens L1, but transmitted through the mirror M1, which has
more than 90% transmission at 650 nm, so that the fluorescence at 650 nm can be
counted with a second photo-multiplier (PM2).

Such a measurement of the red fluorescence while scanning the mirror M1 is shown
in Figs.7.8 and 7.9. The visibility of the fringes at 493 nm is 47% in this case. The
reason for the small visibility is that the laser parameters were chosen so that the
ion was bright, but with these parameters the cooling is degraded. The amplitude of
the modulation at 650 nm, which is found by a fit of a sine function to the measured
fluorescence at 650 nm, is 0.9%. The x-axis was taken from the fit to the fluorescence
at 493 nm. Additionally, a small modulation with a different periodicity, which is
650/493 slower, was observed with an amplitude of 0.2%. This is likely due to small
reflections from the vacuum window.

As mentioned above, the mirror-lens system can modify the spontaneous emission rate
in a solid angle of 8%. If the superposition of ion and mirror image is perfect, and for
an ion at rest, the spontaneous emission rate is I',,oq = 0.92 - I',,,; when the ion is in
a node and I',,,;; = 1.08 - I',,,; when the ion is in a anti-node. Due to the ions motion,
one has average over the thermal spread of the ion in order to calculate the modified
emission rate I'. In first order, this can be done by multiplying the change of £8%
for an ion at rest with the visibility of the fringes. One gets I',50 = 0.963 - I',,4; and
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7.4 Modification of the spontaneous emission rate
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Figure 7.8: Fluorescence at 650 nm while scanning the mirror M1.

Lons = 1.037 - T, for a visibility of 47% at 493 nm.

The population in the Py, state can be calculated by using the modified decay con-
stants I',,04e and I'y,s; in the optical Bloch equations. This is equivalent to the modi-
fied decay operators described in the section 7.1. Fig. 7.10 shows calculated excitation
spectra with different spontaneous decay rates I'/T',,; = 0.963, 1, and 1.037.

The visibility of the fringes at 650 nm vg50 nm iS given by

PP, 2<n0d€) — PP,y 2<ant7’)
V650 nm = —~ - . (7.13)
PP1/s (nOde) + PPy, (antz>

with the populations in the Py, state pp, ,(node) and pp, ,(anti) for the decay con-
stants [',,00. and Iy, respectively. The visibility at 650 nm vgs0 i for the same laser
parameters as in Fig. 7.10 is shown in Fig. 7.11. The modification of the population
with the used laser parameters is in the range of 2% to -1.7%. The strong dependence
on the detuning of the red laser, and especially the changes of sign, are remarkable.
A measurement of this effect could be used to confirm the explanations and models
outlined here. But such a measurement would require longer measurement times and,
therefore, a more stable setup, because the fluorescence level at the corresponding
laser detunings is much smaller.
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Figure 7.9: Interference fringes at 493 nm while scanning the mirror M1.

7.5 Interference experiments with two ions

A similar experiment can be carried out with two ions. It is possible to either reflect
the fluorescence light of one ion back onto itself, or the mirror image of one ion can
be superimposed with the real image of the second one. These two cases are sketched
in Fig. 7.12. In the first case, the experiment is the same as above. The contrast
is reduced, because only half of the fluorescence contributes to the interference and
because in a spherical trap two ions have strong micro-motion. In the second case,
the fluorescence light of one ion interacts with the second ion. This interaction can be
described using a similar model as for one ion. Both ions can be well resolved with
the optics in the front channel. Therefore, it is possible to measure separately the
intensity of one ion plus the mirror image of the second ion from the intensity of the
second ion plus the mirror image of the first. The intensities observed from ion one
plus mirror image of ion two and ion two plus mirror image of ion one, respectively,
are

I =< [Elt)+ El(t +7)[E(t) + Ea(t +7)] > (7.14)
I, =<[EYt)+ El(t + 1)][Ea(t) + Er(t + 7)) > (7.15)
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Figure 7.10: Modified excitation spectra with I'/T",,,; = 0.963, 1 and 1.037. The pa-
rameters are A, = —12.98MHz, S, = 0.74, S, = 1.68, I', = 58 kHz,
u = 4.61MHz and a = 90°. For the measurement of the interference
fringes, the red laser was tuned to maximum fluorescence.

with electric field El of ion one and Eg of ion two. This can be written in terms of
the atomic flip operators

The intensity observed with the current setup is the sum of both intensities.

The interaction of ion and fluorescence light can be described in a similar model as
used in section (7.1). The two ions are described by their combined density matrix
p1 ® pa. The free decay operators for the two ions are

él == \/f|gl><€1| . 12 = \/fO'l_ . 12 and (718)

Cg = \/f|g2><€2| . 11 = \/FO'; . 11. (719)
The modified decay operators are

Cl =vo (Cr-1g+e™7Cy-1;) and (7.20)

CAé = \/6 (ég . 11 -+ €_inCYl . 12) (721)
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Figure 7.11: Visibility of fringes at 650 nm for different red laser detunings. The
parameters used to calculate the population in the P,/ state are the
same as in Fig. 7.10
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Figure 7.12: Interference experiment with two ion. (a) The light of one ion is reflected
back onto itself. The reflected light of the other ion is separated. (b) The
light of ion one is reflected onto the the second ion and vice versa.
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7.5 Interference experiments with two ions

The decay of the two ion system is given, see section (3.2), by

Laamp(p) = = > CHLCrp+ pClLCn. (7.22)

m

Using the modified decay operators from (7.20), Eq. ( 7.22) contains a part
Lport = ¢L'(0] - 05 + 05 - 07 ) cos(wT), (7.23)

i.e. a photon which is emitted by one ion can be absorbed by the other ion. The
interaction between the two ions is limited by the solid angle, which is collected by
the lens, in this case 4%.

Fig. 7.13 shows an interference experiment with two ions, where the mirror image of
the second ion was superimposed with the first and vice versa. The visibility of the
fringes in this example is 5%. The visibility is limited mainly due to the motion of the
ions, which a have strong excess micro-motion, because in a spherical trap only a single
ion can be brought into the center of the trap. This limited visibility makes it difficult
to investigate the two-ion case further with the current spherical trap. However, the
observed interference fringes and our model clearly indicate sub- and super-radiant
effects in this system.

In summary, the experiments described in this chapter demonstrated the influence of
a half-cavity, consisting of a lens and a mirror, on single, trapped ions. In the case of a
single Ba™ ion, the interference fringes observed in the front channel have a visibility
of up to 72%. It was shown that the visibility depends strongly on the temperature
of the ion and on the laser intensity. Furthermore, the visibility of 72% puts an upper
limit on the wavefront aberration of the lens HALO 25/0.4 which is A/16 (rms) at
A =493 nm.

The interaction of the ion with the standing vacuum field generated by lens and mirror
was demonstrated by measuring the fluorescence intensity at 650 nm which is propor-
tional to the population of the Py, state. This measurement revealed a dependence
of the red fluorescence of 1% on the position of the mirror. This modulation is
anti-correlated with the interference observed at 493 nm as expected from the calcu-
lations. However, for other laser parameters, e.g. large red detuning, one expects the
modulation at 650 nm to change its sign. To observe this, longer measurement times
are necessary because the fluorescence level at these detunings is lower and therefore
the noise is higher.

The two ion experiment also showed interference fringes, which can be explained by
the interaction of the two ions via the fluorescence light. Preliminary results showed
a fringe visibility of 5%. In order to study the two ion case, one should replace the
current spherical trap with a linear trap. Also, higher macro-motion frequencies would
reduce the dependence of the fringe visibility on the temperature, because the thermal
spread for a given temperature decreases for increasing trap frequencies.
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Figure 7.13: Interference of the fluorescence light of one ion with the light of a second
ion.
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8 Summary and conclusions

I have described several experiments in which the resonance fluorescence of a single
Barium ion in a Paul trap is investigated and manipulated with various interference
techniques.

The work presented started with the setup of the diode laser system at 493 nm and
the improvement of the laser at 650 nm. The initial experiments, described in chapter
6, were carried out with a trap apparatus built in [56]. With this trap it was possible
to reliably store single Ba™ ions over a period of about one hour. The Ba™ ions were
routinely cooled to the Lamb-Dicke regime with laser cooling. Excitation spectra and
correlation measurements of ¢®)(7) could be measured with various different laser pa-
rameters. Thus, the trap and the diode lasers were specified and understood. The first
interference experiment with the fluorescence light was also conducted in [56]. A Mach-
Zehnder type interferometer was placed in one observation channel, and interference
fringes with a visibility of 82% were observed. By measuring the intensity correlation
function it was verified that not more than one photon is in the interferometer at any
time.

Furthermore, first measurements of the spectrum of the resonance fluorescence of single
or two Ba™ ions were conducted. The carrier of the spectrum was measured with a
resolution of 61 mHz. Also, the sidebands of the micro-motion were directly measured.
The cooling rate of laser cooling was recorded by probing the macro-motion resonance
with a small electric excitation. The signal to noise ratio was limited to 50 (17 dB) on
the carrier in a bandwidth of 1 Hz due to the wavefront aberrations of the collimation
optics. Therefore, this lens was replaced by a custom made, high-quality lens. The
trap apparatus was also modified to include a better vacuum pump, reducing the
pressure in the trap chamber by two orders of magnitude. With this setup it was
possible to conduct interference experiments with the fluorescence light with a high
signal to noise ratio.

The measurement of the fluorescence spectrum was repeated with the new lens. The
signal to shot noise ratio on the carrier was increased by a factor of about 10. The
sidebands of macro-motion were observed with a signal-to-shot-noise ratio of 0.1 in an
average time of about one minute. They were fit with a Lorentzian, and their measured
width, which is equivalent to the cooling rate of the ion, is in good agreement with
the theoretical prediction.

The signal to shot noise ratio could be enhanced by improving the superposition of
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8 Summary and conclusions

the fluorescence beam and local oscillator. At the moment, the relative position of
the beam centers can only be measured with an uncertainty of about 1 mm, and it is
difficult to adjust without changing other beam parameters. Also, the simulation of the
ion in the local oscillator with a 1 gm pinhole could be improved. Another factor of two
would be gained by filtering the photo diode signal with a narrow passband before the
mixing stage. This rejects the noise from the mirror frequency, which at the moment
is added to the heterodyne signal. With the described improvements, it should be
possible to reach a signal-to-shot-noise ratio on the macro-motional sidebands larger
than one. Then the signal can be used to gain information about the ion’s motion
in real time and, e.g., use this information to cool the ion by electronic feedback.
Also, the experiment can be carried out in a linear trap with more than one ion.
The heterodyne signal from, e.g., two ions can be detected separately, allowing one to
measure the relative motion of the ions with a precision on the nm scale.

Interference of the ion with its mirror image was demonstrated with a visibility of
more than 70%. With this experiment, it has been shown that the new lens has in-
deed the expected wavefront quality. Also, a strong dependence of the fringe visibility
on the motion of the ion and the laser saturation is observed and theoretically de-
scribed. Furthermore, by observing fringes in the fluorescence at 650 nm the influence
of the mirror on the spontaneous decay, and therefore on the P/, population, was
demonstrated. Also, interference of the fluorescence light of one ion with fluorescence
of another ion was observed with a visibility of 5%. These experiments were strongly
limited by the fact that the current spherical trap does not allow one to compensate
the micro-motion for more than one ion. However, the modeling of this experiment
shows that it is super- and sub-radiance effects that has been observed.

In future, this problem can be overcome by using a linear trap, where a string of ions
can be trapped without excess micro-motion. Also, individual addressing of the ions
with the exciting laser beam provides new possibilities. Furthermore, it is possible to
place a second HALO 25/0.4 lens into the front channel. With a second mirror one
could form a cavity with a very tight focus and a Finesse of about 30. The Finesse
is limited by the transmission of the lens, which is about 96% at 493 nm. With this
setup, the spontaneous emission into the solid angle of the cavity could be enhanced
by a factor of 10. By adjusting the mirrors, one can also form a cavity with two foci,
one ion in the first focus and the second ion in the other focus. This experiment is
similar to the super-fluorescence experiments, where two atoms are brought very close
together, i.e. the distance has to be smaller than the transition wavelength. The
advantage of our experiment is that while the interaction between the ions is strong,
one can also address each ion individually with the exciting laser and the detector.
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Single trappedions have playeda major role in the devel-
opmentof quantum optics since their first demongration in
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tal investigations of the interaction betweenlight and matter
[2,3], to ultrahighprecisionspectroscop andto the devel-
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being thestudy of theion’s state by spectal analysis of itsres
onancefluorescencen suchexperimentdasersare usedto
optically cooltheionandto control and measireits quantum
state,i.e., the internal electranic stateand the mational state
of the trapped ion are manipulatedwith nearresaart laser
light. A generidevel schemehatappliesto severalelements
typicaly usedin singleiontraps(suchasCa", Bat, and Sr),
consstsof anS,», P1/» andametastabl®sz, statein lambda
configuration.In this case,two lasersare necessaryo con-
tinuoudy cool the ion and genera¢ renancefluoregence,
one for the S-P transition and one for the D—P transition.
Sincereliable cooling and state preparaiton is a prerequsite
for all the above-mentonedapplicaions the® lasrs have
to be stabiized agang long-erm drift and their linewidths
have to be reducedto a level below the typical frequences
involved, such asthe Zeemansgitting (~ 5 MHz), the vi-
braional frequeng in thetrap (= 1 MHz), and the width of

Ramanresonancewhich appearin the lambdalevel scheme
(=~ 0.1 MHz) [6]. Spectal analysis of the single ion’s fluo-
rescegeis alsofacilitatedif the laser which determiresthe
width of the eladic componentis spectally narrow.

The very first single-ion experimens were carried out
with barium [1] becausedye lasersat 493nm (S-P) and
650nm (P-D) were available at thattime; Fig. 1 shows the
relevart levels of the barium ion. Dye lasershave alarge tun-
ing rangeandcanbe stabilizedwell. Their disadwantagesare
their difficult handing and, dueto the needfor anion pump
laer, their high acquistion and running cogs. Today with
the availability of diodelasersn mary spectralregimes,more
and more experimertsutilize theselow-costand robust lasers.
Althoughthe first diode lasers were delicate to hande and
their spectralqualitieswerepoor, progres in the production
proces has madethem much more reliable and hasled to
avastimprovementof their optical characteristicsThe aver-
ace lifetime of diode lasersnow rangesfrom 10000h, up to
several 100000h, which exceedghe lifetimeof ion lasersby
far. Their spectal purity canbeimprovedusing variousopt-
calfeedbackschemesiswell aselectronicstabilization.

Ba"

2P 12
12 —C
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2D 32
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-172
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Fig. 1. Level scheme of 138Bat with Zeenan level splitting schenatically
indicated
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Currently, there are still no laser diodes commercially
availablewith wavelengths below 600 nm. Therefore, in order
to reach the spectral range down to 400 nm, one can use fre-
guency doubling in external cavities [7—10]. In this paper we
describe a diode laser system that provides powerful, tunable,
and frequency-stablelight at 493 nm, which is used for quan-
tum optics and precision spectroscopy with single Bat ions.
Light of a 986 nm laser diode (Pmax = 150 mW), which is
stabilized by optical feedback from a grating, is frequency-
doubled with a KNbO;3 crystal in an externa cavity where
amaximum conversion efficiency of 63% is achieved.

For a first demonstration of the spectroscopic quali-
ties of the 493nm laser system and in order to find sta-
ble frequency markers independent of Ba*, we carried
out Doppler-free spectroscopy on molecular tellurium at
wavelengths near the S-P transition of Bat (493.54nm).
To obtain a clean Doppler-free signal, we used modula-
tion transfer spectroscopy (MTS) [11-13]. 18 Te, lines
were found near the barium resonance in the range from
20261.46cm~t to 20261.87cm~1. The closest line is ap-
proximately 330 MHz above the Ba™ transition, a frequency
difference that can be easily bridged with an acousto-optical
modulator (AOM).

As a first application to a single Ba* ion, we recorded
the fluorescence excitation spectrum obtained by scanning
the 493 nm laser over the S-P resonance, with another diode
laser exciting the P-D transition (650nm) at a fixed fre-
guency. Well-resolved dark resonances are observed in the
fluorescence in agreement with theoretical predictions and
with earlier observations. The paper is organized as follows:
In Sect. 1 the experimental setup is presented: generation
of well-stabilized laser light at 986 nm and frequency doub-
ling in aexternal enhancement cavity with high efficiency. In
Sect. 2 modulation transfer spectroscopy of Te; is described
and in Sect. 3 the application of thislight source for quantum
optical measurements on asingle Bat ion is demonstrated.

1 Laser system

The laser system consists of three main parts, the diode laser
at 986 nm, the stabilization to a reference cavity, and the fre-
guency doubler. The experimenta setup is shown in Fig. 2.
An SDL 6500 laser diode (150 mW) istemperature stabilized
and driven with a commercia current source (ILX LDX-
3620). The emitted light is vertically polarized and collimated
into a parallel beam with an f = 5mm triplet lens. To reduce
the large inherent emission bandwidth and to select the lasing
wavel ength, we use optical feedback from a grating. We have
chosen a setup in the Littman—Metcalf configuration [14],
which has several advantages compared with the more com-
monly used Littrow scheme. These are, for example, the fixed
output beam position and the adjustable feedback level. The
laser beam illuminates the grating (1800 lines/mm, 30 mm
long) at an angle of about 75° to obtain high wavelength se-
lectivity and a high output coupling rate, emitting 89% into
the Oth order. About 4% of the power is diffracted into the
1st order which is back reflected from amirror into the laser
diode. The laser operatesin a single mode at an output power
of up to 130mW with 200 mA injection current. The emis-
sion wavelength of the laser can be adjusted between 976 nm
and 990 nm by tilting the mirror. The laser frequency is fine
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Fig. 2. Laser setup showing the IR laser, the stabilization circuit, and the
frequency doubler

tuned by shifting the mirror along the z axis with a high volt-
age applied to the piezo ceramic (PZT, see Fig. 2). Thus we
obtain a continuous tuning range of 1.5GHz. Using addi-
tional feed-forward adjustment of the injection current, the
continuous tuning range increases to 3 GHz. The polarization
of the output light is rotated 90° with a half-wave plate to
avoid losses at the anamorphic prism pair, which is used to
circularize the beam. Unwanted feedback into the diode laser
from the rest of the experimental setup is prevented with two
Faraday isolators of 40 dB isolation each.

The laser is actively locked to a reference cavity using
a Pound-Drever—Hall stabilization scheme [15]. The cavity
has afinesse of 1200 and a free spectral range of 1.2 GHz, its
drift rateis about 0.5 MHz/min. FM sidebands of about 10~4
of thelaser power are generated by modulating the laser diode
injection current at 16 MHz. A small part (=~ 2%) of the laser
light is coupled into the reference cavity, and the reflected
light is separated, using a quarter-wave plate and a polarizing
beam splitter, and detected with a fast photodiode. The photo
current is mixed with the 16-MHz reference to produce an
error signal, which is amplified with a PID amplifier and fed
back to the diode current and the piezo-mounted Littman mir-



ror. We achieve a short-term (z < 1) laser linewidth below
30kHz rmswith respect to the reference cavity. For scanning,
thefrequency of the locked laser is varied by tuning the refer-
ence cavity with apiezo.

Frequency doubling of the diode laser light is achieved
with a KNbO;3 crystal, which is placed inside an enhance-
ment cavity for the 986 nm light. This ring cavity consists
of two plane mirrors and two curved mirrors of 38 mm ra-
dius. Three mirrors (M2, M3, M4) have high reflectivity at
986 nm, R > 99.9%, and they transmit about 95% at 493 nm.
The input coupler (M1) is chosen to have a reflectivity of
R = 97%, which leads to an impedance matching of bet-
ter than 80% at optimum doubling efficiency. The resonator
length is 395 mm and the distance between the curved mir-
rors is 82 mm. Mirror M2 is mounted on a PZT to tune the
resonator length. The 5mm B-cut KNbO3 crystal is placed
between the curved mirrors and the cavity is designed for an
optimum focus inside the crystal [16]. The 986 nm laser light
is mode matched, with a single lens, into the doubling cav-
ity. We achieve 90% mode matching efficiency into TEMqo.
The doubling cavity is locked, also with a Pound-Drever—
Hall feedback circuit, to the frequency of the IR laser using
the 16-MHz sidebands on the 986 nm light. The error sig-
nal is fed back to the piezo-mounted mirror M2. This mirror
has a diameter 6.75 mm and 3 mm thickness. In combination
with a fast piezo we obtain a servo-loop bandwidth of about
40kHz. Together with a 12 dB/octave integrator this leadsto
an intensity stability of the frequency-doubled light of bet-
ter than 2 x 10~ under normal laboratory background noise
conditions.

At a diode current of 200 mA we obtain 94 mW light at
986 nm in front of the doubler and up to 60 mW of green
light out of the doubling cavity. This corresponds to 63%
conversion efficiency of the frequency doubler. The overall
efficiency, i.e. the ratio of the electrical power injected into
the diode to the output power of the green light amounts
to 16%.
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2 Spectroscopy on Te,

The experimental setup for spectroscopy of Te, is shown
in Fig. 3. We use modulation transfer spectroscopy (MTS),
aDoppler-free method that detects arf modulation of aprobe
beam which is generated in the Te, vapor via four-wave-
mixing with a counter-propagating, rf-modul ated pump beam
[11,13,17-19]. The advantage of this technique in compar-
ison to frequency modulation spectroscopy (FMS) [20-22]
is that the Doppler-free spectra appear without a background
slope and therefore, the resulting signals can be used for
locking a diode laser directly to the molecular resonance
without the need for offset compensation. The laser light
is divided into the pump and the probe beam with a po-
larizing beam splitter. The splitting ratio is adjusted with
a half-wave plate to optimize the signal-to-noise ratio. The
pump beam is frequency-modulated with a LiTaO3 electro-
optical modulator (EOM) driven a 6 MHz frequency. The
EOM s heated to about 100°C to avoid optical damage of
the crystal. As shown in Fig. 3, the pump and the probe beam
counter-propagate with orthogonal polarizations through the
Te, cell, which is heated to about 420°C. The beams are fo-
cused with f =200 mm lensesto increasetheintensity inside
the cell and the probe beam is detected with a fast photo-
diode whose output is amplified and mixed with the 6 MHz
reference using a double-balanced mixer. The phase of the
local oscillator can be shifted over a range of 360°, and the
MTS signal is recorded with a Tektronix TDS784 oscillo-
scope.

We have scanned the spectral range from 20261.46cm—!
t0 20261.87 cm~1 in several intervals of ~ 2.5 GHz with the
laser locked to the reference cavity. Neighboring scans over-
lap and were taken with at least one common Te, resonance.
In order to obtain a frequency scale, asmall part of the green
light was coupled into a Fabry—Pérot resonator (FP2) with
afree spectral range of 725.6(1) MHz.

data recording
6 MH _h <
Tektronix TDS784 i [t > Q)
phase shifter mixer and
amplifier
* LiTaO,
7
EOM
FP2
1T
amplifier
9_%
f M2 PBS hot
rom photo
laser sysem  PBS Iﬁg;i? E‘é;nnf diode Fig.3. Schematic setup for

Te, vapor cell at approx. 420°C

modulation transfer spec-
troscopy of Tex
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Fig. 4. Upper curve: Te, spectrum from 20261.46 cm~? to 20261.87 cm~2.
Lower curve: Bat optogalvanic spectrum

The frequency axis has been calibrated from the meas-
ured cavity resonances with 1% relative accuracy, limited
by the nonlinearity of the scanning piezo and the drift of
the cavity. The absolute wavelengths were determined with
a wavemeter and by means of optogalvanic spectroscopy of
Bat which has been carried out simultaneously. The meas-
ured spectra are shown in Fig. 4. From a Gaussian fit to the
measured Ba™ spectrum the center of the S-P resonance at
493 nm was determined with an accuracy of 26 MHz. Thelit-
erature value of this resonance frequency, 20261.562cm—1
[23], was taken as the absolute frequency reference. In the
covered frequency range of 12.7 GHz, 18 tellurium reso-
nances were resolved. Their positions and relative amplitudes
are listed in Table 1. By comparison with the Tellurium At-
las of Cariou and Luc [24], two of their lines, No.3435
(20261.5342cm™1) and No. 3436 (20261.8012cm™Y), were
identified as our No.3 and 14. The measured distance of
8.06(8) GHz between these two lines is in good agreement
with the listed separation of 0.2670cm~1. The smallest fre-

quency distance between one of the Te; lines (line No.6
in Table 1) and the Ba™ resonance is 330 MHz. For further
investigation we concentrated on the strong line No. 3435
(No.14 in Table 1). Scanning 100 MHz about this line was
used to resolve the MTS line shape and compare it to
the theoretically expected shapes [18,25]. For a calcula
tion of the latter, and for low modulation index as in our
experiment, only the first sideband has to be taken into
account and the line shape of the demodulated signd is
given by:

uZ ( 1 B 1
Y +His\yao+i(A+8/2)  yap+i(A+3)

SA)=Re| >

j=ab
+ ! - ! )e‘“’:| .
Ya—1(A=8) ya—i(A—5/2)
D

Here, a and b denote the lower and the upper level of the
Te, transition, respectively, ap isthe electric dipole moment,
A = wiaser — wap 1Sthe detuning of the laser, ya p arethe decay
rates of the two levels, yq, is the optical relaxation rate from
atob, § isthe modulation frequency, and 9 is the demodula-
tion phase. The measured data have been fitted with this line
shape. Figure 5 shows the data and the fit for phases 95° and
180°. The fitting parameters are yap, ¥, a scaling factor pro-
portional to Y~ w2, /(y; +i8) and the frequency offset. The

j=ab
fitting procedure yields a linewidth of the measured line of
yab = 3.9(2) MHz. The asymmetry in the experimental datais
attributed to aresidual amplitude modulation in the EOM.

3 Spectroscopy of asingle Ba™ ion

For spectroscopy of single trapped Ba™ ions, an additional
laser at 650 nm is required to excite the D—P transition. The
setup of this laser uses a SDL 7511 laser diode and is oth-
erwise very similar to the setup of the infrared diode laser.
The ion is stored in a miniature Paul trap and localized to

Tablel. Positions and relative ampli-

Relative frequency /GHz

Wave number /cm~1 Relative amplitude

tudes of lines in the Te, spectrum. The Line number
amplitude has been defined by the differ-
ence between the maximum and the min- 1
imum signal a 90° demodulation phase. 2
Lines No.3 and 14 have been previ- 3
oudly published in [24]. The errors in 4
frequency are the relative errors of the 5
scaling, the errors in wave number are 6
absolute errors 7
8
9
10
11
12
13
14
15
16
17
18

—1.70(1) 20261.505(1) 08
—1.13(1) 20261.524(1) 14
—0.808(8) 20261.535(1) 239
—0.666(6) 20261.540(1) 9.7
—0.549(5) 20261.544(1) 11
0.330(3) 20261.573(1) 29
0.658(6) 20261.584(1) 21
1.05(1) 20261.597(1) 5.0
2.83(2) 20261.656(2) 14.6
3.40(3) 20261.675(2) 16
4.01(4) 20261.696(2) 16.7
5.47(4) 20261.744(3) 37
6.05(6) 20261.764(3) 3.9
7.25(7) 20261.804(3) 78.0
7.31(7) 20261.806(3) 55
7.64(7) 20261.817(3) 07
8.39(8) 20261.842(4) 324
8.61(8) 20261.850(4) 23
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Fig.5. Line No. 3435 with high resolution (points) and calculated MTS line
shape (solid line)

better than a few wm. The light from the two lasers is com-
bined using a dichroic mirror and focused into the trap with
an f=250mm lens resulting in a diameter of the focus in
the trap center of ~ 80 um. The light level is adjusted using
a half-wave plate and a polarizer. Three orthogonal pairs of
Helmholtz coils are employed to produce a well-defined mag-
netic field that is oriented perpendicular to the direction of
light polarization. Fluorescence from theionis collected with
an f/0.7 quartz collimator, imaged onto a cooled photomul-
tiplier, and recorded in photon-counting mode for 0.1s per
datapoint. For continuousexcitation of fluorescence, the laser
at 493 nm has to be tuned below the S-P resonance to main-
tain optical cooling of theion[26—28]. Figure 6 shows a scan
of the laser at 493 nm across the Ba* resonance in steps of
~ 100 kHz while the laser at 650 nm is kept at a fixed fre-
guency below the D—P resonance. The power of the green
light was set to 25 uW, the red power is 9 uW. The frequency
axisis calibrated with the help of an optogalvanic signal from
a barium hollow cathode lamp, which is recorded simultan-
eoudly with the Bat fluorescence. Four dark resonances are
resolved in the fluorescence signal. These occur when the
detuning for an S-D Raman transition between one of the
Zeeman sublevels becomes zero [6]. The solid line in Fig. 6
indicates a fitted curve to the measured data calculated from
8-level Bloch equations taking into account the Zeeman sub-
structure of the S, P, and D levels, the light polarization, and
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Fig. 6. Fluorescence excitation spectrum of a single trapped Bat ion, ex-

perimental data (points) and calculated fit (line). The dashed line indicates

the constant background count rate. The insert shows the four dark reso-
nances magnified, with background subtracted

magnetic field [29]. The complex spectral shape is well re-
produced in the calculation. In particular, the measured and
calculated widths and depths of the dark resonances, which
are determined by the laser intensities and linewidths, re-
spectively, agree well. Experimental parameters determined
from the fit are the green and red light intensity, the exact
detuning of the red laser, the magnetic field, the angle be-
tween magnetic field and light polarization, and the common
linewidth of both lasers. Theintensities are 380(50) mW /cm?
at 493nm and 140(20) mW/cm? at 650 nm. The magnetic
fieldis5.8(3) x 10~* Tesla, the angle is 88 (7)°, the detuning
of thered laser is — 40.6(7) MHz, and the common linewidth
of both lasers is 89(35) kHz. If we assume that both lasers
have the same width, the linewidth of the laser at 493nm is
63 kHz, which agrees well with the value measured from the
error signal.

4 Conclusion

We have set up a powerful, frequency-stable and reliable
laser system for spectroscopy of single Ba™ ions. We obtain
a maximum output power of 60mW of light at 493nm in
a bandwidth of 60kHz rms. Doppler-free modulation trans-
fer spectroscopy was carried out on molecular tellurium and
18 lines were found in a spectral region of 8 GHz around the
Ba' Sy, — Py transition. The MTS signal agrees well with
theory. In order to eliminate the cavity drift in the laser sta-
bilization circuit, the laser will be actively locked to the Te,
line, which is 330 MHz above the Bat S-P transition, and
the laser frequency will be scanned with an acousto-optical
modulator. We have applied the laser to excite resonance flu-
orescence from asingle Ba® ion in a Paul trap. Well-resolved
dark resonances and a spectra line shape that agrees well
with the theory confirm the versatility of the laser system for
guantum optical measurements.
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Resonance fluorescence of a single trapped ion is spectrally analyzed using a heterodyne technique.
Motional sidebands due to the oscillation of the ion in the harmonic trap potential are observed in the
fluorescence spectrum. From the width of the sidebands the cooling rate is obtained and found to be in

agreement with the theoretical prediction.

PACS numbers: 32.80.Pj, 42.50.Lc, 42.50.Vk

Since the first preparation of a single atom in a Paul trap
and observation of its resonance fluorescence [1], investi-
gation of this light has revealed a range of unique prop-
erties. Examples are its nonclassical nature [2] and the
highly nonlinear response, in the form of sudden intensity
jumps, of a multilevel atom to continuous laser excitation
[3]. The fluorescence is, at the same time, a unique tool
for determining the state of the atom. This is particularly
obvious for a single particle where each photon emission
marks the respective projection of the atomic wave func-
tion into the final state of the corresponding transition. It is
also of great interest to study, through its resonance fluo-
rescence, the motion of a single laser-excited particle, e.g.,
for investigating laser cooling schemes or in connection
with proposals for quantum state manipulation or quantum
information processing with trapped particles [4].

The spectrum of fluorescence of a motionless two-level
atom exhibits an elastic part (Rayleigh peak) which is
correlated with the exciting light, and an inelastic con-
tribution, the Mollow triplet [5]. While the latter marks
spontaneous transitions between the dressed states of the
combined atom-light quantum system and appears when
the light intensity approaches saturation, the elastic contri-
bution dominates for light levels below saturation. For a
free atom this spectrum is modified by the recoil shift. For
a trapped atom the elastic peak is unshifted, and sidebands
appear at the characteristic frequencies of the motion in
the trap [6—8], with sizes that depend on the amplitude of
this motion. The spectral width of these sidebands reflects
the effective decay of the motional states of an atom in the
trap, i.e., the rate of transitions which change this state.
In particular, if laser excitation provides optical cooling of
the trapped atom, the sideband width reflects the equilib-
rium of heating and cooling transitions in the steady state.
While such sidebands have been observed in the fluores-
cence spectrum of ensembles of trapped neutral atoms [9],
their investigation for a single particle and analysis of their
width has not been done so far [10]. The measurement of
cooling rates is highly interesting in experiments with cold
atoms or ions, in particular when many levels or several
light fields are involved such that an optimal set of parame-
ters is hard to find solely from theoretical arguments.

538 0031-9007/00/85(3)/538(4)$15.00

In this paper we report on a measurement of the reso-
nance fluorescence of a single trapped barium ion which
reveals sidebands of the elastically scattered light due to
the various components of the ion’s motion in the trap-
ping potential. From the width of the sidebands which
correspond to one of its vibrational modes in the Paul trap
quasipotential we deduce the cooling rate induced by the
exciting laser. This method will enable us to perform de-
tailed studies of motional effects of laser radiation in situ,
i.e., during the laser excitation without further analysis
tools.

In the experiment, a single Ba™ ion is trapped in a
1.4 mm diameter Paul trap. The ion is generated by
impact ionization of a weak thermal Ba atomic beam with
an electron beam inside the trap. The trap is suspended in
UHYV and driven with a 500 V,,, radio frequency signal
at fpau = 19 MHz. The ion is laser cooled by simul-
taneous excitation on its Sy, < Py/2 and Py < D3)»
resonance lines at 493.4 and 649.7 nm, respectively [11].
See Fig. 1 for the relevant levels of Bat. The 493 nm
light is produced by a frequency doubled diode laser

A2 PBS1 A2
7 +80 MHz 1
AOM 1

Bt P
650 nm
493 nm,
D,
Fluorescence
Sirz-

PBS2

BS 125 Mz o i Faul trap
Y% AOM 7 7 RF
fmix
A—{om]
Spectrum
~ analyser

FIG. 1. Experimental setup. The inset shows the relevant
levels and transition wavelengths of Ba®. Resonance fluores-
cence at 493 nm is investigated. AOM stands for acousto-optic
modulator, BS for beam splitter, PBS for polarizing beam split-
ter, and X2 for frequency doubling. fx is varied to observe
the various spectral components of the fluorescence.
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with external grating resonator described in Ref. [12].
This laser is frequency stabilized to a Te, resonance line
666 MHz away from the Ba™ line, by modulation transfer
spectroscopy [13]. The 650 nm light is generated by a
diode laser with an external grating resonator, stabilized
to an optical resonator. Both lasers have linewidths well
below 100 kHz. The laser beams are combined on a
dichroic beam splitter before they are focused into the
trap, and both light fields are linearly polarized. The
laser intensities at the position of the ion are in the range
of 200 mW/cm? (493 nm) and 100 mW/cm? (650 nm).
The 650 nm laser is close to resonance; the 493 nm
laser is red detuned by about the transition linewidth
(I' = 15.1 MHz) for Doppler cooling. A 2.8 G magnetic
field which is orthogonal to both the laser wave vector
and the laser polarization defines a quantization axis and
lifts the degeneracy of the Zeeman sublevels. The precise
parameters are determined by fitting an eight-level Bloch
equation calculation to a scan of the fluorescence intensity
vs the detuning of the 650 nm laser [14].

The 493 nm resonance fluorescence of the ion is ana-
lyzed with a heterodyne detection setup shown in Fig. 1
[15]. Using a slightly simpler scheme, with a frequency
shift in only one arm of the heterodyne setup and with
a frequency selective photodetector, Hoffges er al. [16]
have observed the elastic part of an ion’s resonance fluo-
rescence, but no motional sidebands. In our setup, the
fluorescence at right angle to the direction of the laser
beams, in the direction of the magnetic field, is colli-
mated with an f/0.7 lens. This light consists of the two
o-polarized components corresponding to the P,(m =
*+1/2) to Sy/2(m = F1/2) transitions, and its elastic part
is linearly polarized, because the two o-polarized com-
ponents are coherently superimposed. For creating a lo-
cal oscillator beam, the green laser light is divided into
two beams which are frequency shifted by 112.5 MHz
(beam 1) and 80 MHz (beam 2) using acousto-optical
modulators (AOMs). Beam 1 excites the ion while beam
2 is superimposed with the collimated fluorescence on a
polarizing beam splitter PBS1. The beam sizes of the col-
limated fluorescence and the local oscillator (beam 2) are
adjusted for optimum overlap, using telescopes. Their or-
thogonal polarizations after PBS1 are mixed with a A/2
plate and a second polarizing beam splitter PBS2 to cre-
ate an interference signal. The two output signals of PBS2
are detected on two fast photodiodes (50 MHz bandwidth,
80% quantum efficiency). By subtracting their photodiode
currents, the interference term S « Ej,Efuor between the
fluorescence and the local oscillator is filtered out. Be-
cause of the frequency shifts in beams 1 and 2, this in-
terference product (i.e., its elastic part) is expected at a
frequency of 32.5 MHz, the difference frequency of the
two AOM drives, while any motional sideband due to
an oscillatory motion with frequency f; would appear at
32.5 MHz *=nf,,n = 1,2,.... The reason for using two
AOMs is that their difference frequency is not generated
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elsewhere in the setup, such that no electrical cross talk
perturbs the final signal; neither can any residual ampli-
tude modulation in one of the beams create a 32.5 MHz
signal on the photodiodes. The interference signal S is
mixed with an rf reference signal at variable frequency
Smix around 32.5 MHz, low-pass filtered, and finally ana-
lyzed on a fast Fourier transform (FFT) spectrum analyzer
with 100 kHz maximum bandwidth. All rf sources, i.e.,
the trap drive, the AOM supplies, and the rf reference, are
phase locked to the same 10 MHz master oscillator.

With the mixer frequency fmix set to fo = 32.45 MHz,
the elastically scattered light produces a signal at 50 kHz
on the spectrum analyzer. Such a signal, with the resolu-
tion bandwidth set to 61 mHz, is shown in Fig. 2. Clearly,
only one data point is significantly above the background
noise, thus verifying the & correlation between exciting
laser and fluorescence. The signal-to-noise ratio (SNR) is
17 dB (at unit bandwidth). The maximum SNR which can
be achieved depends on the rate N of fluorescence photons
that are detected. It is derived in the following way: The
spectral power of the signal § is Ps o« S2/Av, where Av
is the detection bandwidth (or signal bandwidth, whichever
dominates), while the noise power is Py o Elzo, such that
their ratio is SNRyax = EZjuor/Av = N/Av. For this to
hold, the noise created by E), with no fluorescence present
[17] has to be the dominant noise in the photodiode signal
S. By varying the local oscillator power without a fluo-
rescence signal, we confirmed that this is the case in our
experiment and that the noise is close to the quantum limit.
With a typical scattering rate of (2.5-5) X 10* photons/s
into the solid angle that is collimated, and with 80% pho-
todiode quantum efficiency, the maximum possible SNR
turns out to be 35-40 dB. The comparatively low value
of 17 dB which we find is due to phase front distortions
induced by the collimating lens and a resulting low degree
of mode matching between the collimated fluorescence and
the local oscillator.
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FIG. 2. FFT spectrum analyzer signal around 50 kHz showing
bandwidth-limited heterodyne detection of the elastic (carrier)
peak of the resonance fluorescence.
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Because of the quadrupole radiofrequency field in a
Paul trap, the ion undergoes a driven oscillation at the
frequency fpau1 = 18.53 MHz. This so-called micromo-
tion is in phase with the driving field, and its amplitude
is proportional to the ion’s distance from the trap center.
The sidebands to the elastic peak which this oscillation
generates can be observed on the spectrum analyzer, in
the same manner as the carrier, by setting fnix to fo =
nfpal, n = 1,2,.... In Fig. 3 we show the results of such
measurements. Because of the fact that the phase of the
micromotion is well defined, and because all rf sources are
phase locked, the width of the micromotion sidebands is
limited by the resolution bandwidth of the spectrum ana-
lyzer, just like the width of the elastic peak in Fig. 2.

The sizes of the micromotion sidebands are expected
to be proportional to |J,(m)|> where J is a Bessel func-
tion, n = 0, *£1,£2,..., is the number of the sideband,
and m is the modulation index corresponding to the ion’s
oscillation. With the micromotion described by asinQt,
() = 27 fpau1) and with k; and k; describing the laser
and ﬂuoresgence ‘wave vectors, respectively, m is given by
m = a - (kg — k;) [16]. The particular value of m found
from the sidebands in Fig. 3 is 0.47. This corresponds to
a micromotion amplitude in the direction of k; — k4 of
about 26 nm. By minimizing the micromotion, i.e., the
value of m, with the aid of such a measurement, the ion
can be placed in the trap center where the trapping condi-
tions are optimal [18]. At optimum conditions, i.e., if the
SNR reaches 40 dB, and a || k; — k;, this measurement is
sensitive to micromotion amplitudes of about 1 nm.

Apart from the forced micromotion oscillation, the
three-dimensional trapping in the rf-generated pseudo-
potential of a Paul trap results in three independent
modes of free vibration along orthogonal axes at three (in
general different) frequencies fmacro. In our case, these
frequencies are 620.5, 670, and 1301 kHz. Investigation of
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FIG. 3. Heterodyne signal showing the elastic peak (center)
and the n = =1 micromotion sidebands (right, left). For record-
ing the sidebands the FFT analyzer frequency is shifted by
* fpaur = *£18.53 MHz. The FFT resolution bandwidth was set
to 1 Hz. Note the logarithmic ordinate scale.
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this so-called macromotion is our main purpose, because
these motional degrees of freedom interact with the laser
in a cooling process, and the corresponding sidebands
contain information about the motional state of the ion,
the efficiency of the cooling, and their dependences on
the laser parameters. It is also the macromotion which is
used in experiments on quantum state manipulation and
entanglement, in particular in the framework of quantum
information and quantum computation [19].

The macromotion is harder to detect in the heterodyne
signal than the micromotion because it is not correlated
with any applied rf source. In view of the noise con-
siderations above, detection of a macromotion sideband
requires that the rate of photons which contribute to the
sideband heterodyne signal is larger than the spectral width
of that sideband. Because of the inefficient mode match-
ing described above, this situation is not realized in our
present setup. However, the macromotion corresponds to a
damped harmonic oscillator (laser cooling being the damp-
ing mechanism) which can be driven with an additional
external field at some frequency farive close to the macro-
motion frequency fmacro. Then, with frix set to fo =
nfarive, the excited macromotion is detectable as a é signal
on the spectrum analyzer, and a scan of fg;iye Over one of
the macromotion resonances reveals the response of that
oscillator mode to the drive, in particular the broadening
of the resonance due to laser cooling. The result of such a
measurement is shown in Fig. 4. Here, the upper trace cor-
responds to the height of the elastic peak ( fmix = fo) asin
Fig. 2, while the lower trace corresponds to the height of
the sideband at fqrive ( fmix = fo + fdrive), both as func-
tions of fyrive around the 620.5 kHz macromotion mode
frequency. The driving voltage was applied to an electrode
about 1 mm away from the ion; its power was —60 dB m.
The axis of the excited vibrational mode is at 45° between
the direction of the laser and the observation, as was found
from the image of the ion at much higher drive power.

Figure 4 shows how the elastic scattering decreases
while the sideband scattering increases around the macro-
motion resonance. The two traces were fitted with
functions |A,J, (m( farive))|?, n = 0 for the carrier, n = 1
for the sideband, where m( f4rive) Was assumed as

m(fdrive) =

Mmax
—_— (H
1 + (fdnt&ffznmun)z

as expected for a damped harmonic oscillator. We find
a maximum modulation index mg,,x = 1.5 and a width
of the macromotion resonance Af = 750 Hz. This width
corresponds to the effective linewidth that the ion’s oscilla-
tor eigenstates in the trap acquire due to the ongoing laser
excitation which makes the ion change its motional state
[7.8,16].

To compare this cooling rate with the one derived from
a simple model, we describe the motion of the ion by a
driven and damped harmonic oscillator. Some limiting
conditions are fulfilled in our experiment: The cooling
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FIG. 4. Heterodyne signal showing the sizes of the elastic peak
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tion (lower trace) as functions of the excitation frequency frive-
For the elastic peak the FFT analyzer frequency is kept fixed
while for the sideband it is shifted by fgve. The bandwidth
is 1 Hz.

rate is much smaller than the linewidth of the transition
I', i.e., the velocity changes only negligibly during one
lifetime, and both the recoil frequency /ik?>/2M = 27 X
5.9 kHz, M being the ion mass, and the maximum Doppler
shift kv are smaller than the oscillation frequency (the
latter being the Lamb-Dicke condition). Therefore we can
calculate the cooling rate, i.e., the damping coefficient,
from the radiation pressure that acts on the ion during its
oscillation [20],

F(v) = ik'Pp(A — kv), 2)

where Pp is the probability of finding the ion in the Py,
state and A is the detuning of the 493 nm laser from the
atomic resonance frequency. With A negative and of the
order of T, and for kv < T',|A| the velocity-dependent
part of F(v) amounts, in first order, to a friction force

Fy = —aMuv that the ion experiences [20], and
=2 Lkz[' dPp 3)
“T oM dA

corresponds to the linewidth induced by the laser cool-
ing. All parameters in Eq. (3) refer to the 493 nm laser.
We can neglect the contribution of the 650 nm laser to the
cooling because this laser is set to yield maximum fluo-
rescence (Agso = 27 X 5 MHz), such that dPp/dAgsy =
0. By calculating dPp/dA from the same eight-level
Bloch equations that determine our experimental parame-
ters [14] Agoz = —27 X 19 MHz, I493 = 189 mW/cm?,
Isso = 107 mW/cm?, we get @ = 27 X 640 Hz which
agrees well with the measurement.
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In conclusion, the spectrum of resonance fluorescence
from a single harmonically confined ion in a Paul trap was
observed using heterodyne detection. Aside from the elas-
tic peak, the spectrum exhibits sidebands due to the weakly
excited macromotion of the ion in the trap. Investigation
of these sidebands allows for an analysis of the cooling
rate, without affecting the motional state of the ion by,
e.g., probing pulses. The measured cooling rate in our ex-
periment compares well with a simple model calculation.
Moreover, micromotion sidebands are observed which, by
minimizing their amplitude, can be used to actively com-
pensate for residual micromotion down to the nm level.
These techniques will prove useful in the context of pre-
cision spectroscopy with ion traps and, in particular, for
the preparation and manipulation of vibrational quantum
states of motion as they are required for quantum informa-
tion experiments with trapped ions.
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