
Chapter 2
Controlling the Position and Motion
of a Single Atom in an Optical Cavity

2.1 Trapping Atoms in a Cavity

CQED with single trapped atoms has a long history. The first experiments in the
optical domain employed hot atomic beams, with a stepwise reduction in the number
of atoms in the cavity [1], which eventually led to the observation of a normal-
mode splitting with an average atom number of only one [2]. In this setting, a first
measurement of the phase shift that a single atom can imprint onto a transmitted
faint laser beam was demonstrated [3]. However, atom-light interaction was limited
to very short times (∼µs) in these experiments. To improve this, the techniques of
laser cooling and trapping [4] were introduced to CQED. First steps along these lines
were taken by releasing cold atoms from a magneto-optical trap (MOT) such that
they fall through a high-finesse optical cavity [5, 6]. Interaction times were further
increased with an atomic fountain with the cavity at the turning point of the atoms
[7, 8]. The only way to further improve was then to employ an atom trap within the
cavity.

In principle, there are two commonly used techniques for single-atom trapping:
First, electrical trapping of charged atoms—usually cations [9]. Second, optical trap-
ping of neutral atoms in far detuned laser fields [10, 11]. In cavity QED experiments,
the first approach—the use of ions—has been restricted to very long cavities [12, 13]
due to the technical difficulty that the dielectric mirrors of optical resonators tend to
disturb the electric trapping potential. Therefore, the strong-coupling regime has not
been reached with trapped ions until today, albeit there is some progress due to the
development of fiber-based Fabry-Perot cavities [14] which—due to their smaller
size—allow to trap an ion in a resonator of sufficiently small mode volume to fulfill
the condition g > γ [15].

In contrast, the strong-coupling regime has been achieved in many experiments
with trapped neutral atoms. Remarkably, it has early been demonstrated in two inde-
pendent experiments in the strong coupling regime [16, 17] that even the force of
single optical photons can suffice to trap an atom when operating at a resonant
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electronic transition. In all experiments that employ several atomic levels, however,
a state-insensitive trap is required. In this respect, the first milestone was the achieve-
ment of a 28ms atom storage time in a far-off-resonance dipole trap (FORT) [18],
implemented in a standing-wave configuration along the cavity axis. The working
principle of such a trap is explained in Sect. 2.1.1. To increase the storage time for
single atoms, efficient cooling mechanisms are required. A brief summary of the
various previously employed techniques is given in Sect. 2.1.2, before turning to the
trap implemented in this thesis in Sect. 2.2.

2.1.1 Optical Dipole Traps

To date, all experiments that trap single atoms in a cavity in the strong-coupling
regime employ optical dipole traps, which have been established as a standard tech-
nique in atomic physics, summarized in several review articles (e.g. [10, 11]) and
standard textbooks (e.g. [4]). While a brief introduction to the most relevant para-
meters is given in the following, a more detailed discussion of the geometry and
parameters of the trap implemented in this thesis will be presented in Sect. 2.2.

The origin of the confining force in an optical trap is the electromagnetic field
of an intense, off-resonant laser beam. In any polarizable particle, this leads to an
induced dipole moment which then interacts dispersively with the gradient of the
laser field. For a two-level atom with an excited state that decays to the ground state
at a rate � while emitting photons at a frequency ω0, the interaction potential takes
the form [10]:

Udip (�r) = −3πc2
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Here, I (�r) denotes the spatially dependent laser intensity, ω the laser frequency, and
c the speed of light. In a two-level system, the energy of the ground state is lowered
if ω < ω0, i.e. if the laser is detuned towards the red side of the electromagnetic
spectrum. The energy of the excited state is increased by the same amount. When
considering alkaline atoms rather than the idealized two-level approximation, the
sum over all possible transitions has to be evaluated to calculate the overall optical
potential. For 87Rb, the wavelength dependence of the atomic level shifts is shown
in Fig. 2.1.

The spatial structure of the ground-state potential is given by the intensity distribu-
tion of the used trapping laser. A common configuration is the use of a retro-reflected
laser beam, which is also called a one-dimensional optical lattice. Along the direc-
tion of the laser beam (z), the formation of a standing-wave pattern gives rise to
a modulated potential with a period of λ

2 . Along the perpendicular axes (x, y), the
potential is given by the Gaussian mode profile of the laser beam with a waist of w0.
Thus, the resulting overall potential of depth U0 takes the form:
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(a) (b)

Fig. 2.1 a and b Stark shift of the atomic states 5S1/2 (blue) and 5P3/2 (red), depending on the
wavelength of the trapping laser. The dashed green lines indicate the wavelengths of the optical
lattice used in the experimental setup, described in detail in Sect. 2.2
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When several non-interfering laser beams are employed (i.e. using orthogonal polar-
izations), the individual potentials simply add up. The same holds when the beams
have different frequencies and thus the interference pattern shifts its position on a
timescale that is fast compared to the atomic motion. Close to its bottom, the trap is
well approximated by a harmonic potential. In this case, the vibrational energy states
are equidistant with a separation of hνtrap, where νtrap is called the trap frequency.

Along the standing-wave axis, it is given by: νtrap = �

λ

√
2U0
m .

When the trap frequency is much larger than the recoil frequency that corresponds
to the momentum of a single resonant photon, the motional state of the atom does
not change in most absorption and emission events. This regime is called the Lamb-
Dicke regime and is very favorable for efficient laser cooling to the ground state of
the potential. For Rubidium atoms, the recoil frequency is 2π · 4 kHz, which means
that deep potentials with trap frequencies on the order of 10–100kHz are required.
This can be achieved with high laser intensities, however at the price of increased
heating and ground-state decoherence, since the rate at which the atom scatters trap
light is given by:

Rscat (�r) = 3πc2
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A possible solution is the choice of a larger detuning � ≡ ω0 − ω, as the trap depth
scales inversely proportional to�, the scattering rate however inversely proportional
to �2. This is the reason why most experiments with optical dipole traps operate at
a large detuning of several THz.
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2.1.2 Techniques to Control the Position and Motion
of Atoms in a Cavity

In cavity QED with trapped atoms, the demonstration of new physical effects has
often required an increase in control over the external degrees of freedom of the
atoms. Therefore, the attempt to accurately localize an atom at awell-defined position
in the cavity field and to eliminate its motion has a very long history. After the
first successful trapping experiments [18], there have been numerous approaches to
improve the localization and extend the storage times.

An early approach was to gain information about the atomic position and motion
from the temporal modulation of a resonant laser beam transmitted through the cavity
[16, 17]. Subsequent feedback onto the trap allowed to increase the atomic storage
time [19]. With further improvement of the experimental setup and the electronics
[20] and a higher output-coupling efficiency of the cavity, cooling of the atomic
motion and storage times exceeding 1s have been demonstrated [21].

The first QED experiments with second-long atom trapping times [22], however,
used a different coolingmethod, namely a combination of red-detuned Doppler cool-
ing (on a closed transition) andblue-detunedSisyphus cooling (on another transition).
In these experiments, Cs atoms were trapped in a magic-wavelength [11] FORT in a
standing-wave configuration along the cavity axis. In search of faster cooling rates
and lower temperatures, a mechanism has been proposed [23, 24] that directly makes
use of the coupling to a cavity. The first implementation [25] of this cavity-cooling
method used Rb atoms, also confined in an intra-cavity dipole trap.

The improved atom trapping in both of the above mentioned experimental setups
led to the simultaneous achievement of another milestone in cavity QED—the obser-
vation of a normal mode spectrum with a single trapped atom [26, 27]. Achieving
even longer atom trapping times was hampered by large parametric heating rates
due to fluctuations of the used intra-cavity traps. This problem was avoided in a
novel setup that used a cavity-independent FORT. With a combination of vacuum-
stimulated and Sisyphus cooling, trapping times of 17 s were observed [28]. After
replacement of the cavity and subsequent bake-out, this value was increased in the
course of this thesis to more than 1min on average [29], which is most likely limited
by collisions with the background gas.

In addition to the increased storage times, the cavity-independent trap has another
advantage: it allows to change the position of the atom along the beam axis with sub-
micron precision [30] by shifting the standing-wave pattern of the trapping laser. This
technique was later used in two different setups to deterministically transfer an atom
to the cavity center [31, 32]. To this end, the exact number and position of atoms
trapped in a standing-wave FORT has been determined with fluorescence imaging.
Subsequently, the atoms were shifted to the center of a cavity using an optical con-
veyor belt [33]. In the experimental setup used in this thesis, this approach has been
extended further. A high-numerical-aperture objective has been implemented which
collects the light scattered by atoms trapped within the cavity mode [34]. Using
the images of an electron-multiplying CCD camera then facilitates feedback onto
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the position of the standing-wave trap [29], which allows us to localize the trapped
atoms at a well-defined position within the cavity.

The above mentioned cooling mechanisms all lead to the observation of long
storage times. However, it is also important to cool the atoms to a low temperature to
avoid motion-induced dephasing, fluctuations in the atom-cavity coupling strength
and a time-varying AC Stark shift of the atomic levels in case the trap is not a
magic one [11]. In principle, cavity-cooling is a promising scheme for this purpose.
With a long cavity of high finesse, even cooling below the recoil limit has been
demonstrated with an atomic ensemble [35]. Unfortunately, cavity cooling requires
the operation at a specific detuning, which prevents all experiments that operate at
a different detuning or on resonance. The same holds for the recently proposed [36]
and observed [37, 38] cavity EIT cooling. Therefore, the use of another technique
is highly desirable. Along these lines, Raman sideband cooling—a very successful
technique known from free-space experiments with trapped ions [9, 39, 40] and
neutral atoms [41–46]—has been demonstrated in one dimension. Along the axis of
the used intra-cavity dipole trap, the motional ground state has been achieved with a
probability of 95% [47].

To summarize, the control overmotion and position of single atoms in cavity QED
has been steadily improved over the past decades. In this thesis, this culminates in
the achievement of full control, as explained in detail in Sect. 2.4. The decisive
step towards this goal was the implementation of a three-dimensional optical lattice
with high trap frequencies in all directions, described in Sect. 2.2. In addition, the
current apparatus builds on many of the above mentioned techniques, especially on
the use of a cavity-independent dipole trap with intra-cavity Sisyphus cooling [28]
and Raman sideband cooling [47], a blue-detuned intra-cavity trap [48], imaging
[34] and active atom positioning [30, 33]. As a side remark, these techniques and
the increasing experimental complexity have raised the demands on the stability of
the setup. Therefore, literally every part of the laser system, the optics setup and
the frequency stabilization electronics has been replaced and rebuilt in the course of
this thesis.

2.2 Implementation of a 3D Optical Lattice in a Cavity

Previous approaches to atom trapping in a cavity used only one retro-reflected laser
beam, as described in 2.1.2. This only provides subwavelength confinement in the
direction of the standing-wave pattern, i.e. along the laser beam axis, which leads
to several experimental drawbacks. First, even at low temperatures, the residual
atomic motion is usually on a scale that is comparable to the wavelength of the used
lasers. This prevents all experiments that require phase-stable illumination of the
atom. When the trap axis does not coincide with that of the resonator, the atomic
motion also poses the problem of strongly fluctuating atom-cavity coupling strength.
In addition, the trap frequencies in the orthogonal directions are comparably small,
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typically on the order of a few kHz. This can be the cause of reduced atom trapping
times due to parametric heating, caused by acoustic vibrations of the optics setup in
this frequency regime.

In this thesis, the aforementioned obstacles have been eliminated by implementing
a 3D optical lattice within the cavity. The trapping geometry has been designed
such that the atoms can be deterministically located at the maximum of the intra-
cavity field to achieve the maximum possible coupling strength. This is especially
challenging along the axis of the resonator,where the cavitymode exhibits a standing-
wave structure and the atoms thus have to be localized with subwavelength precision.
Therefore, one of the axes of the optical lattice has been chosen to coincide with the
cavity axis. In this configuration, the standing-wave structure of the cavity and that
of the lattice always exhibit a fixed spatial relation. In addition, the reflection or the
transmission of the trapping laser can be used to derive an error signal that allows to
stabilize the cavity resonance frequency with the Pound-Drever-Hall technique [49].

Unfortunately, due to the AC Stark shift induced by the trap light, this geometry
can also have two severe drawbacks: First, fluctuations of the cavity length, e.g. due
to uncompensatedmechanical vibrations, will affect the intensity of the trap laser and
thus lead to fluctuating atomic transition frequencies. Second, circular polarization
components of the trap can arise from cavity birefringence. This leads to differential
shifts of the atomic ground states and thus to decoherence of superposition states
when the intensity fluctuates or the atoms move in the trap. Both problems can be
minimized by using a blue-detuned lattice beam along the cavity axis. In this case,
cold atoms are trapped at a node of the field, such that they experience low absolute
AC Stark shifts even at high trap intensities. With respect to the absolute value of
the trap laser detuning, one has to consider the beating pattern between the blue-
detuned trap and the intra-cavity field at the atomic resonance frequency, which can
be seen in Fig. 2.2a. When the relative detuning corresponds to an odd number of
free spectral ranges, a maximum of the intra-cavity field (red) will coincide at the
center of the resonator with a minimum of the trapping potential (blue), such that
the atom (black dot) is trapped at a position with maximum coupling strength. In
the experiments described in this thesis, the blue-detuned trap was operated at a
wavelength of 771 nm, which leads to a beating period of about 32 µm, which poses
only moderate requirements on the accuracy of the atom positioning.

In contrast to the trap along the cavity axis, the lattice beams along the orthogonal
directions can be implemented with a high degree of experimental flexibility. In the
existing setup, the use of a horizontally and a vertically oriented trap seemed to
be favorable in terms of optical access. We chose to use a blue-detuned (771nm)
and a red detuned (1064nm) laser beam. The resulting configuration is illustrated in
Fig. 2.2b (not to scale). Before the laser setup is explained in more detail, the reasons
for the used wavelength configuration are presented in the following.

There are two major advantages of using a blue-detuned trap along the vertical
axis: First, at low temperatures the scattering-induced heating rate of a blue trap
is smaller than that of a red trap at the same detuning [10]. Second, the atoms are
trapped at an antinode of the standing wave, which means that the AC Stark shift
is close to zero, independent of the exact intensity of the trap light. Therefore, the
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Fig. 2.2 a Spatial structure of the intra-cavity dipole trap (not to scale). The atom (black dot) is
trapped in a blue-detuned standing-wave trap (blue) which has a different wavelength than the cavity
mode (red). Thus, the atom-cavity coupling depends on the atomic position along the resonator axis.
This is indicated in the plots above. When the atom is trapped at the center of the resonator (0 µm,
left), it experiences the maximum coupling strength, while the coupling is very small when the atom
is trapped at a position 16 µm away from the center (right), such that the cavity mode and the trap
light largely overlap. b Sketch of the setup geometry (not to scale). The atoms are trapped at the
center of a resonator that is made of two highly-reflective spherical mirrors (light blue), which are
coned to provide better optical access. The atoms are trapped in a three-dimensional optical lattice
which consists of three orthogonal standing-wave fields, one red-detuned (along the horizontal axis)
and two blue-detuned. The atoms can be addressed with laser beams of different frequencies that
impinge either along the cavity axis or from the side (orange), oriented perpendicular to the cavity
axis and at an angle of 45° with respect to the other trapping beams

frequencies of the atomic transitions remain constant, even if the spatial position of
the laser beams that form the 3D optical lattice drifts over time.

For the horizontal axis, however, we chose to employ a red-detuned laser beam
operating at 1064nm. This also has several advantages: First, the attractive potential
of the resulting standing-wave trap allows to efficiently load atoms into the lattice
[50]. Second, this wavelength has proven to facilitate efficient cooling of the trapped
atoms using a Sisyphus-like mechanism [28]. Third, the atoms are trapped at a
position of maximum intensity. When the trap light is linearly polarized along the
quantization axis, this leads to a Zeeman-state dependent level splitting of the excited
state (described in more detail in Sect. 3.1, see Fig. 3.1), which has proven useful
for efficient optical pumping [51] and for the implementation of the quantum gate
described in Chap.6 without an interferometrically stable optics setup. However, the
use of a red detuned trap also has a caveat: It is very important that the trap light does
not exhibit any circular polarization components, as they would lead to considerable
differential AC Stark shifts of the ground-state Zeeman levels. This could lead to a
severe reduction in coherence time if the atom is moving in the trap or if the trap
intensity fluctuates.

http://dx.doi.org/10.1007/978-3-319-26548-3_3
http://dx.doi.org/10.1007/978-3-319-26548-3_6
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In the following, the laser setup of both traps is explained in more detail, starting
with the red-detuned one. The previously existing setup of this trap [52] had used
electro-optical modulators for the required trap switching. These modulators, how-
ever, turned out to be very unstable with respect to thermal fluctuations and have
therefore been replaced with AOMs. In addition, optical fibers have been introduced
into the beam path to improve the spatial profile of the trapping beam and to reduce
the sensitivity of the setup with respect to temperature fluctuations. In order to ensure
that the trap light does not exhibit any circular polarization components, a Semrock
polarizing bandpass filter is used. This yields a measured polarization extinction
ratio of 106 : 1, which is an improvement by three orders of magnitude compared to
the previous setup. Apart from these modifications, the geometry is described in the
thesis of Stephan Nußmann [50].

In the following, the setup of the vertical trap is explained. The lattice beam orig-
inates from the same laser as that of the intra-cavity trap. To prevent any interference
effects, the polarization of both beams is set orthogonal. In addition, they are detuned
by several hundred MHz with respect to each other, such that a possibly remaining
interference pattern is averaged out as it changes on a timescale that is fast com-
pared to the atomic motion. The laser beam impinges to the vacuum chamber from
the bottom, meaning that all optics can be placed close to the surface of the optical
table, where a stable mounting is guaranteed. The beam is focused to the atoms with
an achromatic doublet lens of 2.5cm focal length, leading to a diffraction-limited
spot size of about 10 µm (FWHM) at the focal position. After passing through the
vacuum chamber, the beam is collimated by the same objective that is also used to
image the atoms. This objective was designed by A. Kochanke and provides a nearly
diffraction-limited resolution at the two design wavelengths 780 and 1064nm. The
771 nm trapping light is retro-reflected after separation from the atomic fluorescence
with several bandpass filters.

The fluorescence light is focused onto an electron-multiplying CCD camera,
which allows to record the atom distribution with up to five images per second.
Figure2.3 shows two typical images, one with the intracavity trap switched off (left),
and one in the 3D-lattice configuration (right). The tighter confinement of the atom
can be directly seen, as its size is clearly reduced in the vertical direction in the image,
which corresponds to the cavity axis.

1m1m

Fig. 2.3 Fluorescence images of single trapped atoms with the intra-cavity trap switched off (left)
or on (right), respectively. The presence of the confining potential can be seen directly in the images,
as it reduces the atomic extent along the vertical axis in the images, which corresponds to the cavity
axis. The color scale is linear, normalized to the highest intensity value of each image
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2.3 Deterministic Localization of a Single Atom
at the Center of the Resonator

In the following section, the techniques to localize an atom at a predefined position
in the resonator are explained. The contents of this section have been published in
[53]: Ground-State Cooling of a Single Atom at the Center of an Optical Cavity.
A. Reiserer, C. Nölleke, S. Ritter, G. Rempe. Physical Review Letters 110, 223003
(2013).

In our setup, each experimental run starts with the preparation of a cloud of 87Rb
atoms in amagneto-optical trap (MOT). To transfer the atoms to the optical resonator,
a running-wave dipole trap is then used. When the atoms arrive in the cavity, they are
first loaded into the red-detuned 1D optical lattice using the procedure described in
[30, 50]. Subsequently, cooling light is applied in a counter-propagating geometry
from the side of the resonator (orange laser beam in Fig. 2.2). The cooling light is
30MHz red-detuned with respect to the F = 2 ↔ F ′ = 3 transition of the D2

line and has orthogonal linear polarizations, which leads to cooling of the atom in
all three dimensions using a Sisyphus-type mechanism [28, 50]. A high numerical
aperture objective is used to collect light that is scattered by the atom, which allows
to image the atoms and to determine their number and position using an algorithm
that evaluates the recorded intensity pattern. The loading procedure is repeated until
a single atom is detected in the images [54]. Subsequently, the standing-wave pattern
is shifted along the beam, which allows to deterministically transfer the atom to
an arbitrary position within the cavity mode [30]. Subsequently, the lattice beams
described in Sect. 2.2 are switched on, such that the atom is tightly confined along
all directions.

In the following, experimental control of the coupling strength is demonstrated by
loading the atoms at different positionswith respect to the cavityfield.Wemeasure the
transmission of a weak probe laser pulse, which is resonant with the empty cavity and
the Stark-shifted atomic transition from |F, m F 〉 = |2, 2〉 to |3, 3〉. Here, F denotes
the atomic hyperfine state and m F its projection onto the quantization axis, which
coincides with the cavity axis. Depending on the coupling strength, the transmission
is suppressed, as explained in Sect. 1.2. Shifting the atom along the axis of the red
detuned trap therefore gives a Gaussian dependence (red dots in Fig. 2.4a), due to
the Gaussian radial profile of the cavity mode. When shifting the red-detuned dipole
trap along the cavity axis (using a piezo mirror), a beating between the sinusoidal
variation of the effective coupling strength g and the standing-wave trap along the
cavity axis is expected, see Fig. 2.2a and [12, 13, 55]. This is shown in Fig. 2.4a
(black squares).

We observe a sinusoidal modulation of the transmission. The deviation from the
ideally expected oscillation with the same period but steeper slopes is caused by a
position-dependent optical pumping efficiency and temperature, which leads to aver-
aging effects in coupling strength and Stark shift. Due to the loading procedure, the

http://dx.doi.org/10.1007/978-3-319-26548-3_1
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Fig. 2.4 a Transmission through the cavity when the position of a single, coupled atom is scanned
along the cavity axis (black squares) and along an orthogonal axis (red dots). The transmission
is strongly suppressed when the atom is located at a maximum of the intracavity field. The solid
Gaussian (red) and sine (black) fit curves are a guide for the eye.bNormal-mode spectroscopy of the
atom-cavity system with the atom trapped in the 3D optical lattice. The transmission of the cavity is
a Lorentzian curvewhen the atom is not coupled (black squares and black fit curve), while a resonant
atom leads to a normal-mode splitting (red dots and solid red fit curve). The slight asymmetry is
caused by a small residual detuning between atom and cavity. The error bars are statistical. The
dashed curve shows the spectrum expected for g0/2π = 8MHz, the value calculated from our
cavity parameters (from [53])

initial distribution of the atoms in the lattice is determined by their initial temperature
and the beam waist of the red-detuned dipole trap. We determine the width of this
distribution from the fluorescence images. This gives the error bars in Fig. 2.4a. On
the length scale of the positioning error, the transmission is nearly constant. We can
thus deterministically localize a single atom at the maximum of the resonator field,
where the atom-cavity coupling is strongest.

The absolute strength of this coupling is determinedby recording the normal-mode
spectrum of the atom-cavity system [2]. To this end, the frequency of the probe laser
is scanned while the frequency of the cavity is kept fixed. To record the spectrum of
the empty cavity, the atom is first pumped to F = 1 such that it is not coupled to
the resonator. Thus, the transmission is a Lorentzian curve with a full width at half
maximum of 5.5MHz (Fig. 2.4b, black squares). When the atom is prepared in the
|2, 2〉 state, we observe a normal-mode splitting (red dots). The separation of the two
peaks is twice the atom-cavity coupling constant g. To determine this value, we fit
the normal modes with a theory curve (solid red line) with g and the atomic detuning
as the only free parameters. From this fit, we find g/2π = (6.7 ± 0.1)MHz, close
to the theoretical value of g0/2π = 8MHz (dashed red line). This again proves that
we are able to accurately localize the atom at the center of the cavity field and that
the system is in the single-atom strong coupling regime of CQED.
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2.4 Sideband Spectroscopy and Ground-State Cooling

In Sect. 2.3, excellent control over the position of a single atom with respect to the
cavity mode has been demonstrated. This section will present techniques to control
its motion. Again, the contents of this section have partially been published in [53].

In the implemented optical lattice (see Sect. 2.2), the atom is tightly confined in
all three dimensions to a spatial extent that is small compared to the wavelength of
the employed optical transitions (spatial extent of the ground-state wave function
�15nm). This situation is called the Lamb-Dicke regime, in which very power-
ful techniques to analyze and control the atomic motion exist. These techniques
have been pioneered in free space experiments with single trapped ions [9, 40] and
ensembles of neutral atoms [10, 56, 57]. Recently, they have been applied to single
neutral atoms trapped in optical tweezers [45, 46] and—in this thesis—in a three-
dimensional optical lattice. The basic idea is that two Raman laser beams allow
one to drive transitions between the different motional states of the atom. While the
used setup will be described in more detail in Sect. 3.2, this section will focus on its
application to atom cooling.

In our experiment, the atom is trapped in a three-dimensional optical lattice at a
temperature that is small compared to the trap depth. Thus, the confining potential
can be well approximated by a three-dimensional harmonic potential, as explained
in more detail in Sect. 2.1.1. In this situation, the atomic motion is quantized with
equally spaced energy levels with E = (n + 1

2 ) · hνtrap [10]. A pair of Raman lasers
is employed, which exhibit a relative detuning that equals the hyperfine splitting of
6.8GHz and a common detuning of 0.3THz with respect to the D1 line at 795 nm.
Because of this large detuning, the Raman beams lead to an effective coupling of
the two hyperfine ground states without populating the excited state. The linewidth
of this coupling can be much smaller than the natural linewidth of the D1 transition.
This allows one to drive atomic transitions that increase or lower the vibrational
quantum number n, as schematically depicted in Fig. 2.5a. The coupling strength of
these transitions is given by the following formulas [9]:

�n→n−1 = �n→nη
√

n (2.4)

�n→n+1 = �n→nη
√

n + 1

Here,�n→n denotes theRabi frequency of the carrier transition,which depends on the
geometry, polarization and intensity of the used laser beams.�n→n−1 (�n→n+1) is the
Rabi frequency of a transition on the red (blue) sideband, which lowers (increases)

the vibrational quantum number by one. η =
√

�

4πmνtrap,x
�kx is called the Lamb-

Dicke parameter, which depends on the atomic mass m and �kx , the wavevector
difference of the two Raman laser beams, projected onto the axis of motion �x . In our
experiment, η 
 0.1. From Eq. (2.4), one can directly see that the coupling strength
of the sideband transitions depends on the vibrational quantum number n. When R

http://dx.doi.org/10.1007/978-3-319-26548-3_3
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Fig. 2.5 a Coupling of different motional states with Raman lasers. The atom is confined in a
harmonic potential, which is schematically depicted for the two ground states F = 1 and F = 2.
With the right detuning of the Raman laser beams (red arrows), states with different vibrational
quantum number can be coupled. b Amplitude of the Raman carrier and the blue sideband. When
the atom is trapped at the center of the cavity (black line), only the central sideband (green arrow)
that corresponds to the trap along the cavity axis is resolved. When the atomic position is shifted by
∼5µm (red line) by shifting the red-detuned trap, all three sidebands are visible with comparable
height (colored arrows; blue vertical axis; green cavity axis; red horizontal axis)

denotes the ratio of the transition probabilities on the red and blue sidebands, the
average vibrational quantum number n̄ of a thermal state is given by [9]:

n̄ = R

1 − R
(2.5)

Thus, it is possible to determine the atomic temperature when the sidebands can
be resolved in a spectroscopic measurement. To experimentally obtain a sideband
spectrum, the atom is optically pumped to the F = 1 hyperfine state. Subsequently,
the Raman lasers are applied for a certain time period, typically 200 µs. In order to
measure the population transfer to F = 2, cavity-based hyperfine state detection is
employed [54], which will be described in more detail in Sect. 3.1.

To analyze and control the atomic motion, we first used a geometry where one
of the beams was applied along the cavity, while the other beam was applied from
the side, forming an angle of 45° with respect to the other axes of the optical lattice,
compare Fig. 2.2b. The beams were orthogonally polarized, thus driving transitions
for any of the atomic Zeeman states. However, it turned out that in this configuration,
the coupling strength of the individual sidebands strongly depends on the atomic
position within the standing-wave Raman beam, similar to what has been observed
in [47]. The reason is that the standing-wave Raman field has a fixed phase of α

with respect to the intracavity trap, which yields �
intracavity
n→n±1 = �n→n±1 sin(2α) [47].

This effect is not present for the orthogonal axes, where the Raman beams do not
exhibit a standing-wave structure. Due to the change in α, the relative amplitude of
the intracavity sideband with respect to those of the other axes changes when the

http://dx.doi.org/10.1007/978-3-319-26548-3_3
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atom is trapped at different positions along the resonator axis. This effect can be seen
in the sideband spectrum of Fig. 2.5b. When the atom is trapped at the center of the
cavity (black line), the sidebands of the orthogonal traps are much smaller than that
of the intracavity trap (green arrow), while they can be clearly resolved (blue and red
arrow) when the atomic position is shifted by ∼5µm (red line) along the cavity axis.

In order to cool the atom in all three dimensions at the center of the cavity,
however, it is highly advantageous to have equal coupling strengths on all three side-
bands. Therefore, an additional Raman laser beam is employed, which is counter-
propagating to the beam that is applied from the side. Its polarization is set orthogonal
to both other beams to prevent interference effects. It drives transitions on all side-
bands except that along the cavity axis. Thus, the relative amplitude of the other
sidebands can be increased with the power in the additional Raman beam. With this,
the amplitude of all three sidebands is in the following set to a comparable height,
and the atomic temperature after intra-cavity Sisyphus cooling is investigated.

The green line in Fig. 2.6a shows an obtained sideband spectrum, where zero
detuning means a frequency difference that corresponds to the hyperfine transition
frequency. The large peak at the center of the spectrum is the saturated carrier transi-
tion. At negative detunings, the red sidebands can be seen, corresponding to transi-
tions that lower the vibrational state of the atom by one quantum. The three peaks at
positive detunings correspond to the blue sideband for each of the three lattice axes:
the red-detuned dipole trap (at 0.5MHz) and the blue-detuned traps along the verti-
cal axis (0.4MHz) and along the cavity axis (0.3MHz). The peaks can be identified
unambiguously by successively changing the intensity of one of the lattice beams
and then recording the sideband spectrum (not shown). The central sideband peak

(a) (b)

Fig. 2.6 a Sideband spectrumafter intra-cavity Sisyphus (green) and after sideband cooling (black).
The statistical standard error of the data is given by the thickness of the lines. The three peaks at
positive detunings correspond to a transition on the blue sideband for each axis of the 3D lattice
potential (right to left: x̂ , ŷ, ẑ axis). The carrier peak at the center (dashed blue Lorentzian fit curve)
is saturated. Transitions on the red sideband (negative detunings) are still observed after Sisyphus
cooling (green) but nearly vanish after 5ms of sideband cooling (black). b Transfer probability on
the red (red squares) and blue (blue dots) sideband after Raman sideband cooling. The solid curves
are numerical fits of the sum of three Lorentzian curves, with the shaded areas indicating the 66%
confidence interval. The atomic temperature after sideband cooling is determined from these fits
(from [53])
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is lower and broader than the other two in the depicted long-term measurement. On
shorter timescales, three peaks of the same height are observed, but with fluctuating
position of the central peak. This is caused by long-term drifts in beam pointing, as
at the time of the depicted measurement a lattice beamwith a much tighter focus was
used along the vertical axis due to the limited laser power available. Meanwhile, this
laser has been replaced by one that gives a much higher output power, and the spot
size has been doubled to reduce the trap-frequency fluctuations.

Applying (2.5) to a fit of the green curve in Fig. 2.6a gives n̄{x,y,z} = {0.19(5),
0.4(1), 1.0(2)}. Here, x corresponds to the axis of the red-detuned trap, y to the
vertical and z to the cavity axis. This demonstrates that the intra-cavity Sisyphus
cooling mechanism already leads to temperatures well below the Doppler limit [28,
50] (n̄D ≈6–10 for our trap frequencies). To further reduce the atomic temperature,
pulsed Raman sideband cooling is used. To this end, the atom is prepared in F = 1
and the Raman beams are applied for 5ms with frequency components that drive
transitions on all three red sidebands. During this interval, a ≈10ns long repump
pulse is applied on the F = 2 ↔ F ′ = 1 transition every 200ns in order to bring
any transferred population back to F = 1 where the cooling cycle can start again.
To determine the effect of the sideband cooling, the following measurement cycle is
performed: First, a 4.4ms long interval of intra-cavity Sisyphus cooling is applied
on the closed transition. Then, the transfer probability at a certain Raman detuning
is recorded. Subsequently, sideband cooling is applied and the transfer probability
at the same detuning is measured again. This measurement sequence is repeated at
different frequencies to record a spectrum immediately before (green in Fig. 2.6a)
and after (black) sideband cooling. The red sidebands vanish almost completely,
which indicates that the atom is cooled close to the ground state.

To determine themean occupation number n̄, a Lorentzian curve is fit to the carrier
(blue dashed line in Fig. 2.6a) and subtracted from the data (Fig. 2.6b). Subsequently,
the sumof threeLorentzian curves is fit to theblue sidebands (blue curve) to determine
the width and frequency of the three peaks as well as their respective amplitudes.
Using the same frequencies and widths for the red sidebands, their amplitude is
determined, again from a least-squares fit to the data (red curve). This gives n̄{x,y,z} =
{0.04(1), 0.02(1), 0.06(1)}. Assuming a thermal distribution, this means that the
atom is cooled to the 1Dground statewith a probability of {0.96(1), 0.98(1), 0.95(1)}
and to the 3D ground state with a probability of (89 ± 2)%.

One of the main advantages of cooling to low temperatures is that the atomic
transition frequencies are expected to be constant, even without the use of a trap at
a magic wavelength [11]. To investigate whether this is the case in our experimental
setup, we perform a measurement of the AC Stark shift. To this end, the atom is
prepared in F = 1 and a laser resonant with the transition to

∣∣1′,±1
〉
is irradiated.

The frequency of this transfer laser is scanned and the transfer probability to F = 2 is
measured, conditioned on atom trapping at the center of the red-detuned dipole trap
using the camera images. This gives the spectrum in Fig. 2.7.While thismeasurement
was performed after ground-state cooling, a similar result can be obtained in the 3D
lattice using only intra-cavity Sisyphus cooling (not shown), as this already leads to
sufficiently low temperatures (as demonstrated above).
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Fig. 2.7 AC Stark shift of the atomic transition after cooling the atom to the three-dimensional
motional ground state. The measured linewidth (red Lorentzian fit curve) is 8MHz FWHM, close
to the natural linewidth of the atomic transition (6MHz). The remaining broadening is due to atom
trapping at different positions within the red-detuned dipole trap, which are not resolved in the
camera images. The error bars denote the standard error of the mean

The observed spectrum has a Lorentzian linewidth of 8MHz (FWHM) (red fit
curve), which is slightly broader than the natural linewidth of the atomic transition
(6MHz). The remaining deviation is caused by different atom-trapping positions in
the lattice, which are not resolved in the camera images, but can still lead to a slightly
different intensity of the 1064 nm light. Without conditioning on the atom position,
a larger linewidth of about 12MHz is observed. Still, this value constitutes some
improvement compared to previous experiments in our setup, where a typical value
of 23MHz (FWHM) was observed [52]. This improvement was a prerequisite for
the observation of a clear normal-mode splitting [53] (see Sect. 2.4) and thus for the
experiments presented in Chaps. 5 and 6 [58, 59].
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