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Summary /Zusammenfassung

In this thesis I present the realization of a quantum register of single neutral atoms, which
is a building block of a quantum computer. It consists of a well known number of “qubits” —
the quantum analogs of classical bits — that can be individually addressed and coherently
manipulated. Here, a string of single cesium atoms trapped in the potential wells of a
standing wave optical dipole trap serves as quantum register. The quantum information
is encoded into the hyperfine states of the atoms which are coherently manipulated using
microwave radiation.

Chapter 1 is devoted to the presentation of a number of tools to control all degrees of
freedom of single neutral atoms. A magneto-optical trap provides an exactly known num-
ber of cold atoms which are transferred into an optical dipole trap. A photon-counting
CCD camera along with molasses cooling allow us to continuously observe the trapped
atoms including their controlled transport along the trap axis using our optical “conveyor
belt”. Finally, I present techniques to initialize, coherently manipulate and measure the
hyperfine states of individual atoms with high efficiency.

The experimental realization of the quantum register is the focus of Chapter 2, where 1
describe its working principle and fully characterize its properties. Write and read opera-
tions on the quantum register are performed by position-selective coherent manipulation
of atom qubits and state-selective measurements. For this purpose, an image is acquired
to determine the positions of all trapped atoms. A magnetic field gradient is applied along
the trap axis so that individual atom qubits are addressed by tuning the frequency of the
microwave radiation to the respective Zeeman-shifted atomic resonance frequency. This
addressing scheme operates with a spatial resolution of 2.5 ym and qubit rotations on in-
dividual atoms are performed with 99 % contrast including all experimental imperfections.
In a final read-out operation each individual atomic state is analyzed. I finally investigate
the coherence properties of the quantum register in detail and identify the mechanisms
that lead to decoherence.

Gegenstand dieser Arbeit ist die Realisierung eines Quantenregisters aus einzelnen neu-
tralen Atomen, welches einen zentralen Baustein eines Quantencomputers bildet. FEin
Quantenregister besteht aus einer wohldefinierten Anzahl von “Qubits” — den quanten-
mechanischen Analoga von Bits — die individuell adressiert und kohérent manipuliert wer-
den konnen. Die Qubits werden in dieser Arbeit mit einzelnen Casiumatomen realisiert,
die in den Potentialtopfen einer optischen Dipolfalle in Stehwellen-Konfiguration gefangen
sind. Die Quanteninformation ist in den Hyperfein-Zustianden der Atome kodiert, die mit
Hilfe von Mikrowellenstrahlung kohérent manipuliert werden.
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In Kapitel 1 stelle ich eine Reihe von Werkzeugen vor, um sdmtliche Freiheitsgrade einzel-
ner neutraler Atome zu kontrollieren. Eine magneto-optische Falle dient als Quelle einer
genau bestimmten Anzahl von kalten Atomen, die dann in eine optische Dipolfalle umge-
laden werden. Mit Hilfe von Melasse-Kiihlverfahren und einer photonenzéhlenden CCD-
Kamera konnen wir die gespeicherten Atome und sogar deren kontrollierten Transport
kontinuierlich beobachten. Schliellich beschreibe ich die Techniken, mit denen wir die Hy-
perfeinzustande einzelner Atome mit hoher Effizienz préparieren, koharent manipulieren
und messen.

Die experimentelle Realisierung des Quantenregisters steht im Zentrum von Kapitel 2. Ich
beschreibe sein Funktionsprinzip und charakterisiere seine Eigenschaften umfassend. Die
einzelnen Qubits des Registers werden mit Hilfe von positionsselektiver kohérenter Manip-
ulation beschrieben und analysiert. Zu diesem Zweck bestimmen wir zunachst die Posi-
tionen aller gespeicherten Atome, indem wir ein Bild der Atomkette auswerten. In einem
Magnetfeldgradienten adressieren wir dann einzelne Atome mit Mikrowellenstrahlung,
indem wir die Mikrowellenfrequenz auf die Zeeman-verschobene Resonanzfrequenz des
entsprechenden Atoms abstimmen. Die raumliche Auflésung dieser Adressiertechnik
betragt 2,5 pym. Sie ermoglicht uns, Qubit-Rotationen auf einzelnen Atomen mit einem
Kontrast von 99 % durchzufiihren, einschlielich aller experimentellen Imperfektionen.
Zum Schluss untersuche ich detailliert die Kohérenzeigenschaften des Quantenregisters
und identifiziere die Dekohdrenzmechanismen.
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Introduction

In the past century, research in quantum mechanics was initially focussed on the theoret-
ical exploration and later on the experimental investigation of quantum effects. At the
beginning of the 215 century, the field of “quantum engineering”, i. e. the experimental
control of individual quantum systems, opens the route to practical applications of gen-
uine quantum effects that were so far considered to be of theoretical interest only. In this
context, quantum information processing has emerged as a field of research with poten-
tially very powerful applications, where information is coded into the quantum states of
microscopic physical systems (qubits). The quantum concepts of state superposition and
entanglement can lead to a dramatic speed up in solving certain classes of computational
problems, such as factoring [1] and sorting algorithms [2].

Over the past decade various quantum computing schemes have been proposed. In a
sequential network of quantum logic gates information is processed using discrete one-
and two-qubit operations [3]. Following a different approach, the “one-way quantum
computer” processes information by performing one-qubit rotations and measurements on
an entangled cluster state [4]. All of these schemes require a quantum register, i. e. a well
known number of qubits each of which can be prepared in a desired quantum state. Write
and read operations on a quantum register are performed by coherent one-qubit rotations
of individually addressed qubits and by state-selective measurements.

Several physical systems, such as ions in a linear Paul trap [5], nuclear spins in
molecules [6], or magnetic flux qubits [7] can serve as quantum registers. With some
of them, significant achievements in quantum computing have already been accomplished.
Trapped ions have successfully been entangled [8, 9], which led to the recent implemen-
tation of quantum gates [10, 11] and the Deutsch-Jozsa quantum algorithm [12]. Using
nuclear spins in molecules, Shor’s factoring algorithm was implemented by demonstrating
factorization of the number “15” [13].

Neutral atoms also exhibit favorable properties for storing and processing quantum infor-
mation and represent an alternative physical system to perform quantum computation.
Their hyperfine ground states are readily prepared in pure quantum states including state
superpositions and can be well isolated from their environment. The resulting long coher-
ence times and the easy state manipulation and analysis by means of microwave radiation
already gave rise to technical applications such as atomic clocks and can also turn into
virtue in quantum information processing. In addition, countable numbers of neutral
atoms can be trapped using laser cooling techniques and their external degrees of freedom
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can be manipulated [14, 15]. The coherence properties of laser trapped atoms have been
found to be adequate for storing quantum information [16, 17]. Moreover, controlled cold
collisions [18] or the exchange of microwave [19] or optical [20, 21] photons in a resonator
offer interesting schemes for mediating coherent atom—atom interaction, essential for the
realization of quantum logic operations.

In this thesis, I present the realization of a quantum register using a string of an exactly
known number of neutral cesium atoms [22]. The atoms are trapped in the potential
wells of a spatially modulated, light induced potential created by a far detuned standing
wave dipole trap [14, 23]. The positions of the atoms can be optically resolved with an
imaging system using an intensified CCD camera [24, 25]. We use microwave radiation
to coherently manipulate the atomic hyperfine ground states, which encode the quantum
information. A magnetic field gradient along the trap axis allows us to spectroscopically
resolve the individual atoms in order to perform selective coherent one-qubit operations
on the quantum register. Our addressing scheme operates with a high spatial resolution
of 2.5 um and qubit rotations on individual atoms are performed with 99 % contrast. In a
final read-out operation we analyze each individual atomic state. Finally, I have measured
the coherence time and performed a detailed investigation of the dephasing mechanisms
of our quantum register.

Five basic requirements for building a quantum computer have been postulated by Di-
Vincenzo [26]. They include the availability of a scalable physical system with well char-
acterized qubits, the ability to initialize and to measure the states of the qubits, long
relevant coherence times, and a universal set of quantum gates. Except for the demon-
stration of two-qubit quantum gates, our quantum register fulfils all of these criteria. This
work therefore represents an important step towards quantum computing with neutral
atoms [27].

In order to pursue the next step on this route — the implementation of a two-qubit quantum
gate — we have designed our quantum register to be compatible with the requirements of
cavity quantum electrodynamics experiments. Our optical conveyor belt [14, 23] should
allow us to deterministically place two atoms inside the mode of a high-finesse optical
resonator. Here, two-qubit gate operations could be performed by the exchange of cavity
photons. Since our scheme of addressing individual atom qubits does not require optical
access to the trapped atoms, coherent selective one-qubit operations will even be possible
inside the cavity. Our quantum register is therefore a versatile tool for the implementation
of quantum logic operations.



Chapter 1

Tools for single atom control

Quantum engineering at the single atom level requires a spectrum of techniques to control
all degrees of freedom of neutral atoms. During the past years we have advanced standard
experimental methods and invented new tools that allow us to trap, to detect and to
manipulate individual atoms. In order to control their external degrees of freedom we
employ two different types of laser traps, a magneto-optical trap and a dipole trap. For
coherent manipulation of internal atomic states microwave radiation has shown to be well
suited.

The invention of laser cooling in 1975 [28, 29] and its first realization by S. Chu in
1985 [30] has opened the door to experimental research with cold neutral atoms. The
magneto-optical trap (MOT), first realized in 1987 [31], has evolved to become the stan-
dard cold atom source for hundreds of experiments world-wide and has been a prerequisite
for tremendous achievements such as the creation of Bose-Einstein condensates [32, 33].
The operation of such a MOT in special regimes has also permitted the capture and ob-
servation of single cold atoms [34, 35, 36]. We have advanced these trapping techniques
such that we routinely operate a single atom MOT.

Optical tweezers can move microscopic objects without mechanical contact [37] and have
proven to be a reliable and precise tool in biology, photochemistry, and nanofabrication
[38]. Also known as optical dipole traps, they attract polarizable particles into regions of
high electric field strength, e. g. in the focus of a laser beam [39], and became a valuable
technique for the manipulation of cold atoms [40]. Just a few years ago, we demonstrated
the transfer of a single cesium atom from the MOT into a dipole trap [41]. We now use
a standing-wave variant of this trap as an “optical conveyor belt” which tightly confines
single atoms in space and transports them over distances of up to 1 cm with sub-micrometer
precision [14, 23]. In contrast to the MOT, the dipole trap has the advantage that the
laser frequency can be far off-resonant with respect to all atomic resonance frequencies so
that the coherence of long-lived internal states is not destroyed by excitations.

The observation of single atoms is essential for controlling their degrees of freedom. The
first image of an individual atomic particle in a trap was obtained by recording the fluo-
rescence light from a single barium ion on a photographic plate in 1980 [42]. Technological
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4 CHAPTER 1: TOOLS FOR SINGLE ATOM CONTROL

advances during the following decades have made high-efficiency photon-counting cameras
available which permit the imaging of trapped ion crystals [43, 44] and of single neutral
atoms in an optical dipole trap [15]. The development of a home-made diffraction-limited
objective [24] has enabled us to detect and image the fluorescence light of a single atom
and of trapped neutral atom strings with high signal-to-noise ratio. Efficient cooling of
the atoms in our dipole trap recently allowed us to continuously image the controlled
transport of a single atom [25].

In addition to the control of external degrees of freedom of single atoms, manipulation
and detection of the internal atomic states are essential tools for quantum engineering.
The first experiments of atomic state preparation by optical pumping were performed in
1949 [45, 46] with the selective population of Zeeman levels of mercury atoms. Later, the
quantum shelving technique permitted to measure the state of a single trapped ion by the
observation of quantum jumps [47].

Recently, we have demonstrated atomic state preparation and detection at the level of
a single neutral atom with nearly perfect efficiency. For the preparation of quantum
states, coherent manipulation of the internal atomic states is required. In the case of
cesium atoms, the long-living hyperfine ground states are well suited to store quantum
information [17, 48, 49] and can easily be manipulated and analyzed by means of microwave
radiation. Similar to the phenomenon of nuclear magnetic resonance [50], the interaction
of the electromagnetic field with the atomic dipole moment leads to the observation of
Rabi oscillations [51]. In addition to the preparation of quantum states by inducing Rabi
rotations, we use a microwave frequency sweep to implement a more robust technique for
efficient population transfer using the method of adiabatic passage [52].

1.1 A single atom MOT

Magneto-optical traps (MOTs) have been the draft horses to cool neutral atoms to tem-
peratures of about 100 pK for almost two decades. They employ standard laser cooling
techniques and are quite robust with respect to variations of experimental conditions. We
have set up a MOT to provide single cold cesium atoms for our experiments. Their fluo-
rescence light is imaged on a single photon detector and allows us to count the exact atom
number in real-time.

1.1.1 Principle

The working principle of a MOT relies on a velocity dependent cooling force and a posi-
tion dependent restoring force to provide spatial confinement of the atoms. The first is
realized by three orthogonal, counterpropagating pairs of laser beams which are slightly
red detuned with respect to the atomic resonance. A moving atom preferentially ab-
sorbs photons from those laser beams opposed to its direction of motion because their
frequencies are Doppler shifted closer to the atomic resonance. The net force resulting
from the momentum transfer of the absorbed and isotropically emitted photons slows the
atom down. This so-called Doppler force ideally cools atoms to the Doppler temperature
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Figure 1.1: Magneto-optical trap (MOT). (a) In this 1-D model the J’ = 1 excited state
of an atom is Zeeman split in the linear magnetic field gradient. If the atom is displaced
from the center to the left, the my; = 0 «> mj = 1 transition is shifted into resonance
and is excited only by the o T-polarized laser from the left which pushes the atom back
into the center. (b) Anti-Helmholtz configuration of the magnetic field to produce the
3-D quadrupole field for the MOT, and corresponding laser polarizations.

Tp = h'/2kp, where I is the natural linewidth of the atom. For cesium, I' = 27-5.22 MHz
and Tp = 125 pK.

The restoring force is obtained by adding a quadrupole magnetic field and by circularly
polarizing the laser beams. The magnetic field is zero at the center and increases linearly
in radial direction. It lifts the degeneracy of the Zeeman multiplicity of the excited state
of the model atom in Figure 1.1. If the circular polarizations of the laser beams are set
correctly, an atom which is displaced from the center of the quadrupole field is shifted into
resonance with that laser beam which pushes the atom back to the center. As a result, a
MOT simultaneously cools and confines atoms in space.

Standard MOTs typically trap 10 — 10'9 atoms. To capture very few atoms only, our
MOT operates in a regime where the rate at which atoms are loaded into the MOT, Rjo.q,
is significantly reduced [36, 53]. Since

OB —14/3
Rload 0.8 <a> (11)

we apply a high magnetic field gradient of 0B/0z = 340 G/cm to decrease Rjpaq by
six orders of magnitude with respect to standard MOTSs, where 0B/0z = 20 G/cm. In
addition, by loading the atoms from the background vapor instead of feeding the MOT
by an atomic beam, we achieve loading rates as low as 1-10 atoms/min.

Many of our experiments demand the presence of exactly one atom. In addition, single
atom experiments require many repetitions for good statistics. In order to reduce the
overall measurement times, we circumvent the drawback of the long waiting time until an
atom is captured by the MOT. We actively load atoms into the MOT by decreasing its
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Figure 1.2: Side view of the vacuum system. A large cut-out of the optical table allows
us to place the two vacuum pumps underneath the table surface. Cesium atoms are
provided by a cesium reservoir which is connected to the vacuum chamber by a valve.
For optimum optical access we perform all experiments in a rectangular glass cell which
is attached to the vacuum system. All optical elements are set up outside the vacuum
chamber.

magnetic field gradient by an order of magnitude for a time of typically tjow = 10 ms and
thus temporarily increasing Rjoaq [48]. Finally, we adjust tj,y such that on average one
atom is loaded into the MOT. The Poissonian nature of the atom number statistics then
results in the capture of exactly one atom with a probability of 37 %.

1.1.2 Experimental setup

The details of our experimental MOT setup have been described extensively in previous
theses of our group [48, 54]. Here, I only present the most important components which
are relevant for this thesis.

Vacuum system

To provide for optimal optical access from all sides, we perform our experiments in a
3 x 3 x 12.5 cm? glass cell which is attached to a vacuum chamber, see Figure 1.2. A
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Figure 1.3: Experimental setup of MOT, dipole trap, and imaging system. Both dipole
trap lasers are focussed into the MOT in the center of the glass cell. In addition to the coil
pair (along z) providing the MOT quadrupole field, three pairs of orthogonal coils (the
pair along z not shown) are used for compensating magnetic DC-fields and for applying
guiding fields. The fluorescence light from the MOT is collected and collimated by an
objective. One part is spatially and spectrally filtered and focussed onto an avalanche
photodiode (APD), the other part is sent to an intensified CCD camera (ICCD).

constantly working ion pump produces an ultra-high vacuum in the glass cell with a
pressure of less than 107! mbar. An additional titanium sublimation pump was only
operated a few times. A reservoir containing cesium is connected to the chamber by a
valve which is usually closed. Opening this valve about once every two weeks for a few
minutes sufficiently raises the cesium partial pressure in the vacuum system for normal
operation of our single atom MOT.

Lasers

Three pairs of orthogonal MOT cooling laser beams intersect in the center of the glass
cell, see Figure 1.3. The counterpropagating beams are created by retro-reflection. Their
frequency is red detuned by approximately I' from the closed F' = 4 «» F’' = 5 transition
of the cesium D2 line (A = 852 nm), see Figure 1.4 for a level scheme. After an atom has
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Figure 1.4: Level scheme of the cesium D-doublet.

been excited to F’/ = 5 it can only spontaneously decay to F = 4 and is ready to absorb
the next cooling photon. However, with a slight probability of 1072 it is off-resonantly
excited to F’' = 4 from where it can decay to F' = 3. To pump the atom back into the
cooling cycle we employ a repumping laser resonant with F' = 3 <+ F' = 4. Tt is shined
into the MOT area along the axis of the glass cell.

Both cooling and repumping lasers are diode lasers in Littrow configuration which are
actively stabilized to polarization spectroscopies. Details and further references can be
found in the thesis of Wolfgang Alt [54]. The cooling laser is stabilized to the F' = 4 <
F' = 3 — F' = 5 — crossover resonance of the spectroscopy, which is red detuned by
225 MHz with respect to F' =4 <« F' = 5. An acousto-optical modulator (AOM, central
frequency = 110 MHz) in double pass configuration compensates for this detuning and
tunes the frequency between +35 MHz and —45 MHz with respect to F = 4 «» F’ = 5.
The repumping laser is directly stabilized to the F' = 3 «» F’ = 4 resonance. Both lasers
and their spectroscopies are set up on a separate optical table, and we use optical fibers
to transfer the laser light to the main table.

Magnetic coils

Two water-cooled coils in Anti-Helmholtz configuration along the z axis create the
quadrupole magnetic field for the MOT. They run currents of 16 A to provide a field
gradient of 340 G/cm. Three orthogonal pairs of coils compensate DC-magnetic fields in
three dimensions. The current supplies for the coil pairs in « and in z direction can be
switched so that we can apply guiding magnetic fields during the course of an experiment.
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Figure 1.5: Fluorescence light from single atoms in a MOT. (a) The APD signal of the
MOT fluorescence shows discrete levels. Since every trapped atom equally contributes
to the overall signal we can infer the exact number of atoms. (b) The camera picture
(exposure time: 1 s) of a single trapped atom reveals the size of the trapping region to
be roughly 10 um in diameter.

Computer control

Our experiments require complex sequences of laser and microwave pulses, along with
controlled changing of magnetic fields, intensities and frequencies. For this purpose we
use a computer control system which consists of a 32-channel digital board (National
Instruments, PCI-DIO32-HS) with a time resolution of 500 ns and two buffered 8-channel
D/A boards (National Instruments, PCI 6713) with analog output voltages in the range of
-10 V ... +10 V and a time resolution of 2 us. The corresponding software was developed
by Stefan Kuhr during his Ph.D. thesis [48].

1.1.3 Single atom detection

We use two detectors to observe the trapped atoms in the MOT, a single-photon counting
avalanche photodiode (APD), which allows us to determine their exact number, and an
intensified CCD camera (ICCD), which provides spatial information.

For the detection of single atoms both efficient collection of fluorescence light and minimiz-
ing stray light are essential. A custom-designed diffraction-limited objective (NA=0.29)
collects fluorescence light from 2 % of the solid angle [24]. A beam splitter divides the col-
limated light to send one part to the camera and the other to the APD (EG&G, SPCM200
CD2027), see Figure 1.3. To minimize the stray light background we have wrapped the en-
tire optical path of the imaging system in black paper and aluminum foil and blocked laser
beam reflections off the glass cell. In addition, the fluorescence light is focussed through
a spatial filter which consists of an aperture of 150 pm diameter. Stray light from sources
outside the optical path of the fluorescence light are not transmitted through the pinhole.
Finally, interference filters before both the APD and the ICCD, with a transmission of
80 % at 852 nm and 107° at 1064 nm, attenuate the stray light of our dipole trap laser.

Figure 1.5 (a) shows a typical APD signal during operation of the MOT. The fluorescence
signal as a function of time reveals discrete steps which arise from the fact that every
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atom trapped in the MOT contributes equally to the overall signal. Therefore, the atom
number is directly inferred from the fluorescence level. The observed photon count rate
per atom R = 6 x 10 s7! is about a factor of three larger than the remaining background
light which is governed by MOT laser stray light. The required time to distinguish N from
N + 1 atoms is determined by the ratio of the Poissonian fluctuations of the photon count
rate and R. It takes 300 us to distinguish one from two atoms with 4o-significance [48].

An image of a single trapped atom in the MOT is presented in Figure 1.5 (b) with an
exposure time of 1 s. The width of the fluorescence spot shows that the atom is confined
in a region of about 10 pm diameter. Details of the characteristics of the ICCD and single
atom imaging techniques are presented in Section 1.3.

1.2 A standing wave optical dipole trap

While the magneto-optical trap is a very efficient tool for cooling and trapping atoms it is
not suited for preparing atoms in specific electronic states. Spontaneous emission destroys
any coherent information encoded in the atoms on a timescale of tens of nanoseconds.
However, the conservative potential of a dipole trap allows trapping with long coherence
times. It is created by the interaction of a far-detuned laser beam with the atomic dipole
moment, and the photon scattering rates are only a few photons per second.

1.2.1 Dipole potential
Classical model

To derive a simple equation for the dipole potential we consider an atom as a charged har-
monic oscillator which is driven by a classical electromagnetic field E(t) = Ecoswt [40].
Since the atomic dipole moment p(t) is parallel to E(t), the system is described by a
one-dimensional equation

P(t) +Tp(t) +wip(t) = ;—QEO cos(wt) . (1.2)

e

Here, e and m, are the electron charge and mass, wq is the atomic resonance frequency.
The damping rate I" accounts for the radiative energy loss of the dipole [55]

e?w?

I'=——— . 1.3
6megmecd (1.3)

The induced atomic dipole moment is proportional to the electromagnetic field, p = aF,
so that the polarizability « can be calculated by integrating Equation (1.2):
2
e 1

e 14
me wi — w? — iwl (1.4)

alw) =

The dipole potential Ugip(r) is the time-averaged interaction energy between atom and
field <W>TZ

Uaip(r) = (W) = —3 (o By = —5—R(a)I(r). (15)
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It is proportional to the field intensity I = ceg|Ep|?/2 and to the in-phase component of
the atomic dipole moment, R(«). Its quadrature component, (), is proportional to the
absorbed power P,ps, which yields the photon scattering rate

Pabs(r) _ (p-E)r _ 1

Ry(r) = =25 = 0 = oS () () (1.6)

I can approximate Equations (1.5) and (1.6) in the regime of large detuning |w —wo| > I":
AT I(r)

p(r) = = 1.
Uan(r) = 5 577 (1.7)
r /T\?Ix) T
Here, I have introduced the saturation intensity Iy = 11 W/m? in the case of cesium, and:

1 1 1
- = + (1.9)

A w—wy wHwy

In the regime of red-detuning, A’ < 0, the dipole potential is negative (1.7) so that an atom
is attracted to regions of high intensities. To minimize the photon scattering rate (1.8)
it is favourable to choose a large detuning while compensating the decreasing potential
depth by higher intensities.

The classical model provides a simple result for the dipole potential. However, it fails
to take into account the atomic multi-level structure and the polarization of the electro-
magnetic field. A more suitable, perturbative description of the interaction of a classical
electro-magnetic field with a multi-level atom is given in Appendix A and yields the AC-
Stark shift (also referred to as “light shift”) of every atomic level. It turns out that the
individual light shift of the Zeeman sublevels depends on the polarization of the electro-
magnetic field.

Standing wave trapping field

Since the depth of the dipole potential is proportional to the intensity, a variety of trap
configurations can be designed by properly creating the desired intensity pattern of the
trapping laser beam. In our case, we use a standing wave configuration which consists
of two focussed counterpropagating laser beams with parallel linear polarization. Their
interference pattern is sinusoidally modulated and thus creates a series of potential wells
for the atoms.

The intensity profile of the two interfering beams with a waist wg and total power P is

I(T) = I(:E P) = Imaxw—%ei w2zp(i) COS2(ICCE) (110)
’ w?(x) ’

with the beam radius w(z) = wo(1 + 22/2%)"/2, the Rayleigh range zr = mw?/\, the
peak intensity Iyax = 4P/mwd, and p = \/y? + z2. Small corrections due to the wave-
front curvature and Gouy phase shift of the Gaussian beams have been neglected. Using
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Figure 1.6: Three-dimensional view of the standing-wave trapping potential for wg =
19 pm. In x—direction, the wavelength has been stretched by a factor of 250 to visualize
the individual potential wells.

Equation (A.10) we get the resulting dipole potential:

w§ - o
U(p,z) =—-Up e @ cos”(kx), (1.11)

w?(z)

with a maximum trap depth of

AD Ipax T
Uo=% Ty A’

(1.12)

and the effective detuning A’.g defined in Equation (A.11). Figure 1.6 shows the trapping
potential in the (z, p)—plane.

Trapped atoms oscillate in the potential wells which can be approximated harmonically in
both axial and radial directions. A Taylor expansion of Equation (1.11) at (p,z) = (0,0)
yields for the respective oscillation frequencies:

2w |20y
0, = 25,/20 1.13
& A m ( 2)
Oa = /%0 (1.13b)

wo m
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1.2.2 Experimental setup of the dipole trap
Dipole trap laser

We use a commercial, arclamp-pumped Nd:YAG laser (Quantronix/Excel Technologies,
Model 112) with a wavelength of A = 1064 nm and a maximal output power of 11 W
as the dipole trap laser. Brewster windows and pinholes inside the two-mirror resonator
ensure linear polarization and a clean TEMggp-transverse mode of the output beam. By
inserting an etalon into the resonator we reduce the number of longitudinal laser modes
to about 5 with a spacing of 196 MHz. The resulting coherence length of 30 cm ensures a
well-modulated interference pattern of the standing wave inside the vacuum chamber.

Alignment

The output beam is split into two beams which are focussed to the same point from
opposite sides, see Figure 1.3. Good overlap between the foci of both laser beams and the
MOT are essential for efficient atom transfer between the two traps. In order to carefully
align each dipole trap laser beam onto the MOT we minimize the fluorescence from atoms
trapped in the MOT. The dipole trap laser induces a light shift of the cooling transition
which increases the detuning with respect to the MOT cooling laser, thus resulting in a
decrease of fluorescence. For fine-tuning of this alignment we move the last mirrors before
the vacuum chamber with piezo-elements.

Trap parameters

We typically work with a total Nd:YAG laser power of P =2 W in the vacuum chamber.
Telescopes and focussing lenses of the trapping laser beams are chosen to focus both
laser beams to a waist of wy = 16 pum. These parameters result in a trap depth of
Up = 2.6 mK according to Equation (1.12). More reliable values for the actual trap depth
and beam waists can be inferred by measuring the oscillation frequencies of the trap.
Egs. (1.13a,1.13b) yield:

m [ AQax 2

2 Uy
= —. 1.14b
o Qrad m ( )

To measure the trap frequencies we modulate the trap depth by modulating the laser
power using the AOMs. Parametric heating causes atom losses as soon as the modulation
frequency equals twice their oscillation frequency [54]. The measured values of Q. =
27 - (265 £ 8) kHz (P = 1.56 W) and Qg = 27 - (3.6 £ 0.2) kHz (P = 1.8 W) yield a
trap depth of Uy = 0.8 £ 0.02 mK at P =2 W and a beam waist of wg = 18.9 + 1.1 um
assuming 100 % contrast. This result is confirmed by an independent optical measurement
of the waist size which yields a value of wg = 19.54+0.9 um. The scattering rate is directly
inferred from the trap depth and amounts to I'se = Upl'/hA g = 9 s~ L
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The significant discrepancy compared to the calculated trap depth can partly be explained
by aberrations and clipping of the large (diameter 2w = 17 mm) collimated beams at the
1-inch mirrors and lenses before the final focussing lens. As confirmed by an optical ray
tracing simulation they cause an increase of the waist by the observed amount resulting
in a decrease of the trap depth by more than 30 % to Uy = 1.8 mK [56]. Furthermore,
they cause an additional decrease of the trap depth due to losses of a fraction of the laser
power in diffraction rings. Finally, the reduction of the standing wave interference contrast
by imprecise lateral alignment of the beams and imperfect axial overlap of the beam foci
reduce our measured axial oscillation frequency from which we calculate the trap depth.

1.2.3 Transfer of a single atom between MOT and dipole trap

We transfer an atom from the MOT into the dipole trap by operating both traps simulta-
neously for a few tens of milliseconds. Figure 1.7 shows the fluorescence signal of a single
trapped atom in the MOT. When the MOT lasers are switched off, this signal decreases
to the stray-light level of the Nd:YAG laser of typically 200 photons/100 ms. After a
storage time of 1 s, the atom is transferred back into the MOT by reversing the procedure
described above. The observed fluorescence level after switching off the dipole trap laser
indeed reveals the presence of the atom.

Laser timing

/\/ e \ / """ <"~ — 1 atom

- / \ I — 0 atoms
N / __ Nd:YAG

0 1 2 3 4 stray light
time [s]

counts x 10° / 100 ms
o N N ()] [o0]

Figure 1.7: Transfer of a single atom between MOT and dipole trap. Once the atom
has been transferred to the dipole trap, the recorded fluorescence signal drops to the
stray-light background. Transfer back to the MOT reveals the presence of the atom by
observing its fluorescence.

The transfer efficiency between the traps has been measured to be 97.2+0.8 % [48]. How-
ever, in many experiments even higher efficiencies were accomplished, see Section 2.3.2.

The lifetime of atoms in the dipole trap is limited to 25 4+ 3 s by background gas collisions
[41, 57].

1.3 Imaging single atoms

We have recently managed to continuously image a single neutral atom in a dipole trap
for more than one minute [25]. Our capability to obtain spatial information of the trapped
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atom provides a powerful tool for the manipulation of all atomic degrees of freedom. It
allows us to precisely control the absolute position of trapped atoms [58]. Furthermore,
our ability to spatially resolve a string of trapped atoms is a prerequisite for the individual
addressing of the atoms, see Chapter 2 and Reference [22].

1.3.1 Properties of the intensified CCD camera
Operating principle

To image the trapped atoms, we use an intensified CCD camera (Roper Scientific, PI-
MAX:1K), see section 1.1.3. The GaAs photocathode of the image intensifier (Roper
Scientific, GEN III HQ) has a quantum efficiency of njccp = 12 £2% at 852 nm which we
determined by comparing the detected single atom fluorescence rate with the APD signal.
Since the fluorescence light is unpolarized, the polarizing beam splitter in the optical path
of the imaging system, see Figure 1.3, equally distributes the collected fluorescence photons
among the APD and the ICCD. From the known quantum efficiency of the APD of 50 %
we infer niccp. The discrepancy with respect to the specified value of niccp = 30 % has
remained unclear so far.

Each photoelectron from the photocathode is amplified by a multi-channel electron multi-
plier to about 10° electrons. They produce light on a phosphorous screen which is guided
to the low-noise CCD chip by an optical fiber bundle. The CCD chip consists of an array
of 1024 x 1024 pixels, with each pixel having a size of (13 pm x 13 pum). After exposure,
the desired part of the chip is read out by a computer. This operation takes between
100 ms and 10 s depending on the size of the region to be read out.

Signal and Noise

A single photoelectron emitted from the photocathode produces a photon burst resulting
in 390 & 180 counts on the CCD chip concentrated in a 3 x 3 pixel area with 50 % in the
central pixel. This signal allows us to reliably detect single photons well above the readout
noise floor of the camera of 90 £ 9 counts/pixel rms. The CCD dark current amounts to
only 1 count per pixel per second.

A further noise contribution arises from thermal electrons released from the photocathode.
About 16000 thermal electrons are emitted per second so that on average each camera
pixel is hit by the corresponding photon burst once per minute.

1.3.2 Imaging system

Our imaging system (Figure 1.3) consists of the diffraction limited objective (see Sec-
tion 1.1.3) with a working distance of 36 mm. The collimated fluorescence light is focussed
onto the photocathode of the ICCD with a lens of focal length f = 500 mm. The resulting
magnification of 14 was chosen such that each camera pixel roughly corresponds to about
1 pm? at the position of the MOT. A more accurate calibration of the magnification by
comparing images of a controllably transported single atom (see Section 1.4) yields a cor-
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respondence of picep = 0.937 £ 0.008 pm/pixel.

The resolution of our imaging optics is given by the Airy disk radius of its point spread
function rpgp = 1.8 um [24], calculated from the numerical aperture of the objective of
NA =0.29 [59]. We obtained further information on our imaging resolution by analyzing
atom images, see 1.3.4.

1.3.3 Illumination of single atoms in the dipole trap

Since an atom in the MOT emits fluorescence photons due to near-resonant excitation
by the MOT lasers, an image of the atom can be taken by exposing the camera to its
fluorescence light. An atom stored in the dipole trap hardly scatters any photons from
the dipole trap laser so that imaging requires additional illumination by resonant or near-
resonant light. However, the photon recoils of energy E, = h?k?/2m will heat the atom.
In a trap of depth Uy = 1 mK, an atom initially at rest in the bottom of the potential well
will be heated out of the trap after scattering npeat = Uy/2E, = 5600 photons where the
factor of 2 takes into account that one scattering process causes two recoils. Considering
the 2 % collection efficiency of the fluorescence light and the quantum efficiency of the
ICCD, only 7 photons would be detected until the atom is lost. While this is enough to
detect the atom, a non-destructive illumination process with a larger signal is certainly
preferable.

We therefore illuminate the trapped atom by an optical molasses consisting of the
MOT cooling and repumping lasers which cool the atom in the dipole trap while up
to 120000 photons per second are scattered. However, finding good laser parameters for
illumination was only possible after several technical improvements. We found that unless
the radiation pressure of the counterpropagating molasses beams is carefully balanced, the
trapped atoms jump between different potential wells during illumination. We therefore
thoroughly centered the cooling laser beams onto the MOT by laterally scanning each
beam to maximize the single atom fluorescence rate. In addition, we adjusted the inten-
sities of the counterpropagating beam pairs to be equal within 10 %. Finally, we ensured
the laser polarization to contain at least 99.5 % of their power in the correct circularity
to guarantee a reasonably pure ¢ — ¢~ configuration.

1-D molasses cooling

In a simplified model, we studied the presence of Doppler and sub-Doppler cooling mecha-
nisms for atoms in a standing-wave dipole trap being illuminated by a 1-D optical molasses
[60]. To experimentally investigate the cooling effects in this system, we measured the tem-
perature of single trapped atoms after illumination by one pair of horizontal MOT cooling
laser beams and the MOT repumping laser beam. Adiabatically lowering the dipole trap
depth to 10 puK to let hot atoms escape and studying the atom survival probability has
proven to be an effective temperature measurement at the level of few atoms [54, 57]. A
larger survival probability indicates colder atoms. This quantity is shown in Figure 1.8 as a
function of the cooling laser detuning A, with respect to the unperturbed F =4 « F' =5
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Figure 1.8: 1-D molasses cooling in the dipole trap. The atom survival probability shows
a regime of efficient cooling for a cooling laser detuning between —10 and —25 MHz. The
molasses illumination causes heating of the atoms at detunings around —37 MHz and
—55 MHz indicated by a drop of the survival probability to zero. This heating effect is
due to multi-photon resonances between the optical molasses lasers and the dipole trap

laser.

resonance at a cooling laser power of 115 W per beam corresponding to a saturation pa-
rameter of so = I /Iy = 10, and a dipole trap depth of Uy = 0.7 mK. The horizontal bar
at 42 % in Figure 1.8 indicates the typical atom survival probability without molasses

cooling after transfer from the MOT into the dipole trap and lowering of the trap depth.

Our measurement shows that for A./2m ~ —20 MHz the molasses illumination indeed

provides further cooling of the atoms after their transfer from the MOT.

Multi-photon resonances

However, the observed cooling regime is narrow and drops off quickly for larger detuning.
Notably, there are two regions of cooling laser detuning for which the measured survival
probability drops to zero. We attribute these to multi-photon resonances which pump the
atom out of the cooling cycle.

The narrow resonance at Aqy/2m = —55 MHz is caused by a four-photon process which
resonantly connects the two hyperfine ground states. As shown in Figure 1.9 (b), the
cooling and repumping transition are coupled by two neighboring Nd:YAG laser modes
spaced at 196 MHz. There are three effects that furnish experimental evidence to support
this conclusion. First, the resonance condition |Ac4|/27 = 251 MHz —196 MHz = 55 MHz
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Figure 1.9: Three- and four-photon resonances during illumination in the dipole trap.
a) Two neighboring Nd:YAG modes spaced at 196 MHz connect the detuned cooling laser
resonantly with the light-shifted F’ = 4 state and pump the atom out of the closed cooling
cycle between F' = 4 and F’/ = 5. Similarly, at a different cooling laser detuning (b),
cooling and repumping laser couple the two ground states via a four-photon resonance
with two Nd:YAG modes and inhibit the desired cooling process.

confirms the measured position of the resonance. It is independent of the light shift of the
D2 transition Ajs which we checked by measuring the spectrum for different dipole trap
laser powers. Second, the resonance disappears when we switch off the repumping laser
of the optical molasses. Finally, the width of the resonance is smaller than I and is thus
not determined by a spontaneous emission process but rather by the line widths of the
molasses lasers.

The other resonance at A.3/2m ~ —37 MHz seems to be caused by a three-photon process,
again involving two Nd:YAG laser modes, which resonantly connect the cooling laser to
the light-shifted excited F’ = 4 level, see Figure 1.9 (a). Here, the corresponding resonance
condition |A¢s|/2m = 251 MHz—196 MHz— A, /27 = 37 MHz can be used to directly infer
A /2m = 18 MHz from the spectrum. We confirmed that the position of this resonance
linearly depends on Ajs by performing the same measurement for different dipole trap laser
powers. The resonance width is determined by the spontaneous decay rate to the ground
state I' and by the Zeeman sublevel dependent light shift of the excited state w)s, see
Appendix A. The theoretically expected values yield Ajs/27m = 14 MHz for the transition

light shift, which is calculated from the trap depth, and 203 = 2,/T? + wfs = 17 MHz
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for the width of the resonance. Their good agreement with the values obtained from the
spectrum confirm that our model describes the observations reasonably well.

Optimization of cooling parameters

Each day we run an experiment we optimize the trap depth and the optical molasses for
efficient cooling. Starting from the cooling parameter regime identified above, we fine-tune
these parameters such that we no longer observe hopping of the atoms between different
potential wells while we maximize the photon scattering rate. As a second criterion, we
minimize the radial width of a single atom image, which is a measure for the energy of
the atom, see Section 1.3.4. At a trap depth of 0.8 mK, we typically set the cooling
laser beams to a power of 80 uW per beam, a waist size of wp = 1 mm (sp = 11.5)
and a detuning of A./2m = —5 MHz. Also, we found that the fluorescence rate can be
increased by employing a 3-D rather than a 1-D optical molasses without reducing the
cooling efficiency.

The undesired side effects of the observed three- and four-photon resonances involving
the trapping laser modes and the optical molasses, significantly narrow the regime in
which cooling can be achieved. More importantly, slight changes of the trap depth due to
decreasing intensity and pointing drifts of the two trapping laser beams result in a drift of
the three-photon resonance which can turn the cooling regime into a heating regime within
several hours. We therefore perform this optimization every four to six hours during the
course of an experiment. Since the reduction of the cooling efficiency is caused by the
multi-mode character of the Nd:YAG laser, we have bought and set up a single frequency
Yh:YAG laser at a wavelength of 1030 nm which will serve as a dipole trap laser in future
experiments.

1.3.4 Images of single trapped atoms
Imaging of an atom in the MOT

Under continuous illumination the fluorescence light of a single atom in the MOT produces
Ryior = 6400 photoelectrons/s on the photocathode. Figure 1.10. (a) shows an image of
a single atom trapped in the MOT with an exposure time of 1 s. We determine the
size (0z,0,) and the position (zg, z9) of the MOT by binning the pixels of the picture in
the vertical and horizontal directions after suitably clipping the image to minimize the
background noise. Then we fit the resulting histograms with Gaussians:

_ 2 _ 2
I(z) = B+ Aexp (-%) I(z) = B+ Aexp (-%) (1.15)
Here, the MOT has a 1/y/e—width of 0,(MOT) = 5.3 + 0.1 pm in the horizontal and
of 0,(MOT) = 4.1 £0.1 pm in the vertical direction. The asymmetry of the MOT size
in vertical and horizontal direction is caused by the fact that the magnetic field gradient

along the z direction is twice as large as in x direction.
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Figure 1.10: (a) Image of a single trapped atom in the MOT with an exposure time
of 1 s. This is the same image already depicted in Figure 1.5 (b). (b) Image of a single
trapped atom in a potential well of the dipole trap under continuous illumination with
a 3-D optical molasses (exposure time: 0.5 s). On the right side, the respective laser
configurations are shown.

A trajectory of an atom in the MOT corresponds to a trace of sequentially recorded single
photon events. In order to reconstruct the atomic trajectory with a spatial resolution at
the diffraction limit of our optics, the mean spacing between consecutive photons should
not exceed the diffraction limited spot size rpgp. This condition results in an upper limit
of the atomic velocity of vglax = rpsr - Rmor = 11.5 mm/s. This number is much smaller
than the Doppler velocity vp = 9 cm/s of a cesium atom in a MOT. The trajectory of an
atom moving at velocity vp can therefore not be reconstructed at full spatial resolution.
However, to only detect the motion of an atom from one to another side of the MOT,
the upper limit for the atomic velocity is viax = 20,(MOT) - Ryor = 5 em/s. This
number is close to the Doppler velocity of 9 cm/s, and it seems feasible to resolve such
motion in future experiments. A similar experiment to reveal the atom motion within a
MOT has been performed using the previous version of our apparatus by analyzing photon
correlations of a single trapped atom [61].
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Imaging of an atom in the dipole trap

In order to image an atom in the dipole trap we illuminate it with the optical molasses.
Figure 1.10 (b) shows such an image with an exposure time of 0.5 s. The observed
fluorescence spot corresponds to about 70 detected photons. From a sample of 10 images
we infer that the trapping region has a width of o,(DT) = 3.1 £ 0.5 pm in the radial
direction of the dipole trap, which is considerably smaller than the trap radius wg = 19 pm.
This indicates that the energy of the atom is much smaller than the trap depth and that
the atom is cooled during illumination.

The axial width of the fluorescence spot 0,(DT) = 1.15 £ 0.15 pm, however, exceeds
the axial confinement of the trapped atom which is a fraction of the period of the dipole
potential of A\/2 = 532 nm. We can therefore use 0,(DT) to determine the actual resolution
of our imaging system. It is given by the diffraction-limited resolution of our imaging optics
on the one hand and the internal blur of the ICCD on the other hand. To estimate a value
for the first limit, we consider the image of an ideal point source. It is given by a point
spread function whose Airy disk radius equals rpgp = 1.8 um for our objective (NA=0.29),
see 1.3.2. Following a similar procedure as for a real atom image, we integrate this point
spread function along one dimension and determine the 1/+/e—radius of the resulting
function to ogig = 0.6 um. We measure the internal blur of the ICCD by analyzing light
spots produced by thermal photoelectrons. Their Gaussian intensity distribution has an
average half-width of 1.13 + 0.02 pixels corresponding to orccp = 1.06 £ 0.02 pum [25].

Combining both values yields oiota) & 1/0315 + UIQCCD = 1.2 pum which agrees with the

measured value of 0,(DT) = 1.15+ 0.15 um. An increase of the optical magnification of
our imaging system would reduce the relative contribution of the internal blur of the ICCD
to the total resolution of our imaging system. For example, doubling the magnification
would cause orccp to correspond to only 0.53 4+ 0.01 um, effectively decreasing oiotar to
0.8 pm. This improvement could easily be implemented for future experiments.

The axial width of a single atom image effectively measures the resolution of our imaging
system. We can therefore give a more accurate value for the radial extension of the
trapping region o,,q by deconvoluting the radial intensity distribution of the image with
the axial one:

Orad = V02 — 02 =2.9+0.6 pum. (1.16)
When the radial oscillation frequency Q.4 of the trap is known, the temperature of the
atom can be extracted from o,,q [54]. The radial width of the atom image therefore serves
as a valuable signal to minimize the temperature of the trapped atom.

Imaging of a string of atoms

Figure 1.11 shows an image of a string of five atoms in the dipole trap. Each atom is
trapped in a separate well. The average spacing between neighboring atoms is roughly
10 pum in this case so that on average 20 potential wells between them are unpopulated.
The minimum separation required to resolve two neighboring atoms, can be defined ac-
cording to the Rayleigh criterion which is usually applied to determine the resolution of
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Figure 1.11: Image of a string of five trapped atoms. The atoms are trapped in separate
potential wells and have an average separation of 10 pm.

microscopes and telescopes. It states that the sum of the two intensity profiles must drop
to at least 8/72 of their maximum value in between the two maxima [62]. For our case

this minimum separation equals 3 pum so that we can resolve two atoms as long as they
are separated by 6 or more potential wells.

After transfer of the atoms from the MOT, their positions are distributed over the MOT
trapping region of diameter 20, (MOT) = 11 pum. Thus, for more than two atoms, the
pairwise atom separation is usually not sufficiently large to optically resolve all atoms. In
order to spread their spatial distribution, we use the 1-D time-of-flight method and switch
off one arm of the dipole trap for t,g = 1 ms. During this time the atoms freely expand
along the trap axis. Since the laser beam is not switched off instantaneously but ramped
to zero within 1 ms, which is adiabatic with respect to the axial oscillation frequency, the
atoms are adiabatically cooled from Doppler temperature T to 7 /10 [54]. Their average
velocity along the trap axis is therefore vp/v/10 so that the atom distribution increases to

Otof = \/(tOHvD)Q/IO + UQE(MOT)2 = 30 um before we switch back to the standing wave
configuration.
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Figure 1.12: Working principle of the optical conveyor belt. (a) If the counterpropa-
gating beams are detuned with respect to each other, the reference frame in which both
beams are Doppler shifted to the same frequency is moving at the velocity v. (b) In
order to transport an atom over the distance d, we expose it to constant acceleration and
deceleration.

1.4 An optical conveyor belt

To precisely control the position of an atom we use an optical conveyor belt [14, 23]. This
device was designed to transport a desired number of atoms into the mode of an optical
high-finesse resonator in a controlled manner. There they could interact via the exchange
of single photons. This is a key technique for the implementation of a quantum logic gate.
Combining this tool with our imaging techniques, we demonstrated the first continued
observation of controlled single atom transport [25].

1.4.1 A moving standing wave

The standing wave configuration of our dipole trap is well suited to transport trapped
atoms. A mutual detuning of the counter-propagating beams by Av = vy — vy will cause
the standing wave structure to move at the velocity v = AAv/2. This can be seen by
considering the Doppler shift which compensates this detuning in the reference frame
moving at v, see Figure 1.12 (a). The time-dependent dipole potential

2 22

= Uy —0 ¢ w@ cos?(rAvt — 1.1
Uz, p,t) Uy w2(2) e cos”(mAvt — kx) (1.17)

can therefore be used to transport trapped atoms along the dipole trap axis.

In order not to lose an atom during transport, it is important to smoothly accelerate and
decelerate the potential. A simple way of transporting it over a desired distance d during
the time t4 is to uniformly accelerate it at a during the first half of the time interval
followed by a uniform deceleration at —a during the second half. The velocity changes
from 0 to vmax = atq/2 and back to 0 during this time, see Figure 1.12 (b).
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Figure 1.13: Experimental setup of the optical conveyor belt. Each beam of the
standing-wave dipole trap is frequency shifted by an acousto-optical modulator (AOM).
Both AOMs are driven by a phase-synchronous dual frequency RF-generator.

Experimental implementation

To implement this scheme experimentally, we installed an acousto-optical modulator
(AOM) in each beam of the dipole trap, see Figure 1.13. They are both set up in double
pass configuration to compensate beam walk-offs during frequency shifts. For the station-
ary standing wave dipole trap both AOMs are operated at the same frequency of 100 MHz.
For the transport it is essential to change their frequency difference in a phase-continuous
way, since their relative phase is directly translated to the spatial phase of the dipole
trap. Any phase discontinuity could lead to the loss of the atom. We therefore use a
custom built dual frequency synthesizer (APE Berlin, DFD 100) which drives both AOMs
and performs phase-continuous frequency sweeps as programmed via an RS232 interface.
However, we found that remaining phase fluctuations of the two RF outputs on the order
of 1073 rad cause heating of the trapped atoms and reduce the lifetime in the trap from
25 s (see Section (1.2.3)) to about 3 s [57].

Using this setup we can transport a single atom over a distance as large as 1 cm with an
efficiency of 80 % [14]. Since we monitor their relative phase and thus the total distance in
units of A by heterodyning the two AOM driving frequencies, we control this distance with
an accuracy much smaller than 1 gm. The maximum transportation distance is determined
by the divergence of the Gaussian dipole trap laser beam. With increasing distance from
the focus, the trap depth decreases. At a distance of 1.5 c¢m, gravity is stronger than the
radial dipole force and pulls the atom out of the trap [23]. The minimum time required
for a transport is limited by the maximum possible acceleration. If the accelerating force
becomes stronger than the axial dipole force at typically amax = 5 x 10° m/s? the atom
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Figure 1.14: Continued imaging of the transport of single atoms. (a) Experimental
sequence. Between successive images (exposure time: 1 s) the atoms are transported
over a distance of 2 um. (b) Screenshots of the transport of a single atom, where only
every forth image is shown. (c) Synchronous transport of a string of three atoms. The
direction of motion is changed twice. Here, every eighth image of the full movie presented
in Reference [25] is shown. The exposure time per image was reduced to 0.5 s.
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cannot follow the motion of the travelling standing wave any more. The finite bandwidth
of the AOMs and a further heating effect due to abrupt changes of the acceleration limit
the experimentally observed maximum acceleration to 10° m/s? [23, 48]. With these
parameters, the transport of an atom over 1 mm only takes 200 us.

1.4.2 Imaging the controlled motion of a single atom

Combining our technique of imaging single atoms in the dipole trap with the optical
conveyor belt we continuously image the transport of a single neutral atom [25]. An
image sequence is recorded according to the scheme in Figure 1.14 (a). We first check
the presence of one single atom in the MOT and take an image with an exposure time
of 1 s. After transfer into the dipole trap we switch on the optical molasses and acquire
the second image, again with an exposure time of 1 s. We then transport the atom over
the distance of 2 ym within 2 ms and take the next picture. This sequence of transport
and imaging is repeated and yields a series of pictures of the same atom. The resulting
“movie” (see Figure 1.14 (b)) shows the transport of the atom over a distance of 60 pm
within one minute and ends with the loss of the atom. The long lifetime of the atom
in the trap demonstrates that the continuous molasses cooling effectively counteracts the
heating mechanism due to AOM-phase noise.

We employed this technique to precisely calibrate the magnification of our imaging system.
By comparing the positions of a single atom image on the ICCD chip before and after
transport of the atom over the distance of 60 um, we determine the magnification to be
14.0 £0.1.

A second movie shows the transport of a string of three trapped atoms, see Figure 1.14 (c).
Here, we initiated the reversal of the transport direction by manually changing the sign
of the relative detuning between the dipole trap laser beams. The average time before an
atom is lost is of the order of 30 s which corresponds to the measured lifetime limited by
background gas collisions [41, 63]. Both movies can be viewed online in Reference [25].

1.5 State preparation and detection

For quantum information processing (QIP) with atomic particles, long living internal
atomic states serve as qubit states in which the quantum information is encoded. There-
fore, efficient preparation and detection of these states are basic requirements for any QIP
schemes.

The hyperfine ground states of cesium atoms are suitable candidates for qubit states. In
order to tune the resonance frequency of the qubit transition via a magnetic field we choose
the outermost Zeeman levels as qubit states (see Figure 1.15) which are denoted in the
following as [0) = |F =4,mp = —4) and |1) = | F = 3,mp = —3). The quantization
axis is oriented along the dipole trap.
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Figure 1.15: Zeeman splitting of the cesium ground state. By optically pumping the
atom to the stretched Zeeman level | F' =4, mp = —4), we can perform all coherent
operations on the effective two-level system denoted by |0) and |1).

1.5.1 State preparation by optical pumping
Optical pumping laser

In all following experiments we initialize the trapped atoms in state |0) prior to any
further manipulation of the internal states. For this purpose we optically pump the atoms
into state |0) using a o~ — polarized laser beam superposed with the dipole trap in
x direction, see Figure 1.16. The optical pumping laser is resonant with the | FF =4) «
| F/ = 4) transition so that the final state | FF = 4, mp = —4) is a dark state. This ensures
that not more photons are scattered during the optical pumping cycles than necessary to
initialize the atom in |0).

The purity of the circular polarization of the optical pumping laser is the most critical
parameter to maximize the population of the final state. Since the laser is coupled into the
dipole trap axis by transmission through the last 45° mirror of the dipole trap laser, its
polarization is polluted. We therefore precompensate its polarization before transmission
through the mirror using a combination of a high-quality polarizer, a half- and a quarter-
wave plate, such that its polarization right before entering the vacuum cell is circular to
better than 10~

The power (P = 100 nW) and pulse duration (¢ = 1 ms) of the optical pumping laser
(spotsize wp = 100 pm) are optimized experimentally such that the atoms are not heated
significantly during the pumping process. For this purpose we identify the threshold values
when atoms get heated out of the trap and reduce the pulse duration to a tenth of its
threshold value.

To avoid setting up an additional diode laser for optical pumping, we split off a part of
the MOT cooling laser before its frequency is shifted near resonant to the F =4 « F/ =
5 transition, see Section 1.1.2. Since it is stabilized to the FF = 4 <« F' = 3 — F' =
5 — crossover resonance of the cesium spectroscopy, it is only 25 MHz blue detuned with
respect to F' = 4 «» F’ = 4. Moreover, this detuning is partly compensated by the light
shift of the D2 transition of the trapped atom.



28 CHAPTER 1: TOOLS FOR SINGLE ATOM CONTROL

Repumping laser

The MOT repumping laser, which is shined in along the dipole trap axis, is also used as a
repumping beam during the optical pumping. It ensures that the atom is transferred back
to the optical pumping cycle if it has decayed to the F' = 3 ground state. It is typically
operated at a power of 2.3 uW. To ensure it is switched off not before the optical pumping
laser has been switched off, we leave it on for another millisecond since the shutter closing
time is of the same timescale.

Guiding field

We compensate the earth magnetic field and other DC-magnetic fields in the trapping
region by minimizing the width of a Zeeman spectrum [64]. In addition, we apply a
magnetic guiding field of |Bg| = 4 G along the quantization axis (z) to counteract depo-
larization of the optically pumped atom due to remaining uncompensated DC components
and AC fluctuations of magnetic fields. The guiding field shifts the |0) < | 1) transition
by 00/2m = (393 — 494)uB/h - |Bo| = —9.8 MHz with respect to the hyperfine transition
frequency Ay, where pp denotes the Bohr-magneton, and g4 = —g3 = 1/4 the Landé
factors. For this purpose we run a current of 10 A through the offset coil pair along the
x direction, see Figure 1.3. To ensure that the noise and long-term drifts of the transi-
tion frequency remain smaller than 1 kHz, we use a low-noise current supply (Toellner
TOES851) with a current noise and stability of < 1074

Note that we perform all experiments of internal state manipulation in a dipole trap with
a depth lowered to 110 uK. Such a shallow trap is required for efficient state-selective
detection, see below. Furthermore, we have observed that changing the trap depth mixes
the population of the Zeeman sublevels due to Raman transitions between degenerate
Zeeman and vibrational levels |mp,n) and |mp £1,n F 1) induced by the dipole trap
laser [48]. To avoid this effect we must reduce the trap depth before optically pumping
the atoms.

We can measure the quality of the achieved atomic polarization by performing spectroscopy
on the |0) < | 1) transition, see Sections 1.6.3 and 1.7, and find that the optical pumping
efficiency is better than 99 %.

1.5.2 Single atom state-selective detection

After any experiment involving manipulation of the internal atomic states, we measure the
final state of the atoms. To discriminate the atomic states, we apply a so-called “push-out”
laser resonant with the F' = 4 <» F’ = 5 transition which removes all atoms in F' = 4 from
the trap while leaving those in F' = 3 untouched. The laser is shined in along the z axis
with a saturation parameter of sg = I /Iy = 3, see Figure 1.16. Its radiation pressure force
overcomes the radial dipole force and pushes atoms in F' = 4 out of the trap within less
than half a radial oscillation period (= 350 us). Additionally, we decrease the trapping
forces to facilitate the push-out process by lowering the dipole trap depth to 110 uK.
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Figure 1.16: Geometry of laser beams for state preparation and detection. Optical
pumping and repumping beams are aligned along the dipole trap axis. The applied
guiding field inhibits depolarization of the atom. Note that the guiding field is rotated
to the z axis before the state-selective push-out laser is applied.

To ensure efficient discrimination between the two ground state levels, we choose the laser
to be o1 polarized so that the atoms are optically pumped to the | F =4, mp =4) <
| F/ = 5,mp = 5) transition from where they cannot spontaneously decay to F' = 3. For
this purpose, we rotate the quantization axis from x to z orientation by simultaneously
switching off the guiding field By and applying a guiding field of 1.5 G along the z axis
within 10 ms.

While in previous experiments we have used a separate push-out laser [48], we now, for
simplicity, use the MOT cooling laser beam along the z axis. It is tuned to resonance and
switched on for 500 ps using the AOM, see Section 1.1.2. At the same time, shutters block
the retro-reflected beam and the other two MOT beams.

To test the efficiency of our state-selective detection scheme, we trap a single atom in the
MOT, see Figure 1.17 I (a). During transfer of the atom into the dipole trap, we switch off
the MOT repumping laser before the cooling laser so that the atom is optically pumped
to state F' = 3. After application of the push-out laser, the atom is transferred back into
the MOT, where the fluorescence signal reveals its presence. In order to prepare the atom
in F' = 4 during transfer into the dipole trap we shine in the repumping laser longer than
the cooling laser, see Figure 1.17 II (a). The atom is then removed from the trap by the
application of the push-out laser.

If we add the signals of individual repetitions, we can infer the average state population by
comparing the fluorescence levels in the MOT before and after the push-out process, see
the parts (b) of Figure 1.17. We have optimized the power and pulse duration (P = 30 uW,
t = 500 us) of the push-out laser such that the survival probability of atoms prepared in
F = 4 is smaller than 0.5 % whereas it is larger than 99 % for atoms prepared in F' = 3.



30 CHAPTER 1: TOOLS FOR SINGLE ATOM CONTROL

I) Preparation in F=3

a) dipole trap
» "push-out" laser
,_(E) 400'.\1“'\_/1 _Hﬁ.hﬂ- ----------------- 1 atom
- 1 \ .
-og 2004 ".-li “'-I L il R 0 atoms
S 1 | ./
0 —T* T T ———
0 100 200 300 400 500 initial number
b) 60000 7 of atoms
ﬂ_-\r_- ................... “<final number
40000+ [~ "% — — - of atoms
20000—- \. / / \stray light of
] \ the MOT lasers
0 e T T 1
0 100 200 300 400 500
time [ms]

II) Preparation in F=4

a) Fﬁ%ﬂ

dipole trap
2] E [—"push-out" laser
£ 4004 '
Yo} pil/'qﬂ-\ ------------------------------------------------------------ 1 atom
"2 200+ e Al P 0 atoms
=71 | |
b 8 0 e ~r T Ap———y
) 0 100 200 300 400 500
0000 e otatoma "
] tray light of
40000 ] - I — w— e fhrea?\//IIOgT Iaosers
20000+ \ / \ /
0 —fr—— T fp————
0 100 200 300 400 500

time [ms]

Figure 1.17: State-selective detection. While an atom prepared in state F' = 3 survives
the application of the push-out laser (I (a)), it is removed from the trap if it has been
prepared in F' = 4 (II (a)). I and II (b) show the sum of the signals of 157 and 167
repetitions with a single atom each.

1.6 Quantum state preparation using microwave radiation

In addition to the preparation of the energy eigenstates |0) and | 1), quantum information
processing (QIP) requires to accurately prepare desired quantum states «|0) + 1),
with («, 8) € C, in order to use our single atoms as qubits. We demonstrate one-qubit
rotations some of which are also referred to as Hadamard gate in the language of quantum
information processing.

There are several possible techniques to perform coherent manipulation of the two hy-
perfine ground states. One option is the use of an optical two-photon Raman process
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to resonantly couple the two ground states via a virtual excited level [64, 65]. An ex-
perimentally simpler solution, however, is the application of microwaves at the resonance
frequency of the hyperfine transition to drive magnetic dipole transitions between the two
states.

1.6.1 Bloch vector model

The interaction between the oscillating magnetic field component of the microwave radi-
ation, Byw coswt, and the magnetic dipole moment p of the atom is well described by
the Bloch vector model. The Bloch vector model is very convenient in the sense that the
interaction dynamics between atom and field can easily be visualized on the Bloch sphere.
Here, the position of the Bloch vector u = (u,v,w) on a unit sphere characterizes the
properties of the atomic dipole moment. The u and v components describe its coherent
in-phase and in-quadrature components with respect to the driving field. w quantifies the
population difference of the two atomic levels, with w = —1 (w = +1) corresponding to
|0) (]1)). In the reference frame rotating at the microwave frequency w, the evolution
of the Bloch vector is well approximated by the optical Bloch equations [51]:

w=-Qxu (1.18)

The torque vector © = (2R, 0, ) determines the dynamic properties of the system, where
Qr = puByw /b is the Rabi frequency and 0 = w —wy the detuning between the microwave
frequency and the resonance frequency of the atomic hyperfine transition wy.

In the case of monochromatic radiation with constant amplitude, the Bloch vector performs
Rabi oscillations. After initialization in the state ug = (0,0, —1), Equation (1.18) yields
the time evolution of the population:

203 Qt
w(t, ) =—1+ Q—QR sin? (7) , (1.19)

where I have introduced the generalized Rabi frequency 2 = v Q%{ + 02,

A resonant microwave pulse (6 = 0) rotates the Bloch vector around the u axis, see
Figure 1.18 (a). In this case, Equation (1.19) simplifies to w(t,0) = — cos Qrt so that the
rotation angle corresponds to the integral of the Rabi frequency over the pulse time t¢:

0(t) = /Ot Qr(t)dt'. (1.20)

Two special cases are worth mentioning, 6(t) = 7/2 and 6(t) = 7. A /2 pulse rotates the
initialized Bloch vector into the uv plane, see Figure 1.18 (b), and creates a symmetric
superposition state. A m pulse induces a spin flip and is also used as a rephasing pulse in
spin echo spectroscopy, see Section 2.4.4.

Finally, Figure 1.18 (c) shows a non-driven Bloch vector which freely precesses around the
w axis.
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Figure 1.18: Bloch vector dynamics on the Bloch sphere. (a) Resonant driving corre-
sponds to a rotation around the u axis. (b) A 7/2 pulse rotates the Bloch vector from
a perfectly polarized state into the uv plane corresponding to a superposition of states.
(¢) If the Bloch vector is not driven by the external field, it precesses freely around the
w axis.

1.6.2 Experimental microwave setup

An overview of the experimental microwave setup is given in Figure 1.19.

Microwave source

Our synthesizer (Agilent 83751A, 0.01 - 20 GHz) has a specified accuracy of 107! and is
locked to an external 10 MHz rubidium frequency standard (Stanford Research Systems,
PRS10). It is remote controlled by a computer and has numerous features for its convenient
use in spectroscopy applications. It can be operated in a stepped sweep mode such that
the user can determine start and stop frequency and the number of steps. Whenever
it receives a trigger pulse, the synthesizer increases the output frequency by a specific
amount with a settling time of 10 ms. A pulse mode permits the generation of short
square pulses (duration > 2 ps, rise/fall time < 100 ns) with a duration determined by
an external trigger pulse. Simultaneously, the synthesizer permits amplitude (AM) and
frequency modulation (FM) using two analog input channels.

The output of the synthesizer (max. +15 dBm) is sent to a power amplifier (MA-Ltd.,
AM53-9-9.4-33-35), which amplifies the microwave signal by 36 dB up to a maximum
output power of +38 dBm. An RF cable (loss -2 dB) guides the signal to the microwave
antenna.

Microwave antenna

An optimal antenna is the most crucial aspect in order to maximize the microwave intensity
Ivw at the position of the trapped atoms. In previous experiments [48] we used a bare
SMA — X-band connector near the vacuum chamber and obtained a Rabi frequency of
Qr = 2x - 13.5 kHz. However, its size did not permit to place it between the MOT coils
close to the glass cell. In order to increase the microwave intensity, we tested various
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Figure 1.19: Setup for microwave spectroscopy. The microwave signal at 9.2 GHz is
created by a synthesizer and amplified. An open X-band waveguide pointed towards the
MOT is the most efficient antenna to maximize the microwave intensity at the position
of the trapped atoms.

home-built antennas and measured the Rabi frequency Qr o< v/Iyw. Placing the bared
end of an RF cable close to the vacuum glass cell slightly increased Inw by 20 %. A
more significant improvement was the use of a truncated X—band waveguide flanged to an
SMA — X—band connector. The diameter of the waveguide is small enough to fit between
the MOT coils so that its end is placed only 1 mm away from the glass cell and is directed
straight towards the MOT position, see Figure 1.19. Furthermore, its walls are sharpened
at the end to reduce reflections [66]. Using this antenna increased Iyrw by more than a
factor of 4 and resulted in a Rabi frequency of up to Qg = 27 - 32 kHz.

In the experiments described below we use the following configuration: Synthesizer
(+5 dBm) — short cable (—1 dB) — amplifier (+38 dBm output power) — short ca-
ble (—2 dB) — microwave antenna (436 dBm, = 4.0 W).

1.6.3 Frequency calibration

Resonant driving of the states |0) and |1) requires a precise calibration of the atomic
resonance frequency which is Zeeman shifted in the applied magnetic guiding field By.
We therefore record a microwave spectrum around the estimated resonance frequency
Apgs + 9o using the experimental sequence depicted in Figure 1.20.

Experimental sequence

We operate the microwave synthesizer in stepped sweep mode where the start and stop
frequency define the frequency interval to be scanned which we typically choose to be
400 kHz. The MOT loading time %), at low B-field gradient, see Section 1.1, is set such
that we load on average 5 atoms into the MOT. In addition, we optimize the parameters



34 CHAPTER 1: TOOLS FOR SINGLE ATOM CONTROL

Optical molasses

MOTI | MmoT | ]

‘ dipole trap ‘

opt. pumping—»D /J U\

microwave pulses

push-out laser

guiding field

104
_ I e i Cinitial
S 8 )
5,
8 64
8 remnrew—
§ 7 e C final
5] S T
.,,—E 21 T —'.

0 -.\- ' .‘. u ---C background
0 100 200 300 400 500
time [ms]

Figure 1.20: Experimental sequence used for microwave spectroscopy. A number of
atoms is loaded and cooled in the dipole trap. After initialization by optical pumping
they are exposed to one or several microwave pulses. The population transfer efficiency
is measured by comparing the fluorescence level after state-selective detection Cpa with
the initial fluorescence Cipjtial- The fluorescence signal shows an average of 5 individual
signals with a mean atom number of 5 per shot.

of the cooling laser for effective molasses cooling in the dipole trap, see Section 1.3.3.

After these preparatory steps we run the computer-controlled experimental sequence (Fig-
ure 1.20). It starts by loading of atoms into the MOT which are then transferred into the
dipole trap. During transfer, the cooling laser power and detuning are switched to the
molasses cooling regime. Before the atoms are optically pumped into |0), we lower the
trap depth to 100 K and switch on the guiding field B along the x axis, see Section 1.5.1.
We then apply a rectangular microwave pulse with a duration of 16 us which corresponds
to a 7 pulse for resonant driving. This time is found by iterative recording of spectra and
Rabi oscillations, see below. For state-selective detection we rotate the quantization axis,
apply the push-out laser, see Section 1.5.2, and transfer the remaining atoms back into the
MOT. After recording the MOT fluorescence, we switch off the lasers and the magnetic
field of the MOT for 50 ms to release all trapped atoms. Switching the MOT lasers back
on allows us to measure their background stray light. This entire sequence is repeated 5
times before the microwave frequency is increased by 10 kHz.

For data analysis, the recorded fluorescence traces from the APD are added up in groups of
5, corresponding to the same microwave frequency. The resulting signal for one exemplary
group is shown in Figure 1.20. The measured photon count rates Cinitial, Cfinal, and Chackgr
are used to infer the number of atoms before and after the experimental procedure, Nipjtial
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Figure 1.21: Fourier limited spectrum of a rectangular 7 pulse of 16 us duration. Every
data point shows the average population in state |1) of 5 shots with 5 atoms each. The

solid line is a fit corresponding to Equation (1.23), with the fit parameters summarized
in Table 1.1.
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where the fluorescence rate of a single atom, C1atom, is measured independently. From the
atom numbers we obtain the fraction of atoms transferred to state | 1),

Ninitial = : (1.21)

Ntinal

P = .
Ninitial

(1.22)

The error of P; is calculated using lo-confidence limits [48, 67].

Figure 1.21 shows the Fourier-limited spectrum in a frequency interval of 400 kHz and with
a step size of 10 kHz. The recording time is about 5 min. I have plotted the measured
population transfer P; as a function of microwave detuning § from the unshifted resonance
Apg. The fit function is derived from Equation 1.19:

02 Ot pulse
P3(8) = Ppax - 9—1; sin? (PTI> . with Q%= (6 — )%+ Q&. (1.23)

As a fit result, we obtain the values summarized in Table 1.1. The shift of the peak
position is determined to a precision of 10~* and effectively measures the magnitude of
the magnetic guiding field to be |Bg| = 3.84 + 0.04 G using the trapped atoms as a
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pulse duration tpulse 159+ 0.4 ps
Rabi frequency Qr/2m 28 + 3 kHz
shift of peak position do/2m | -9.403 + 0.001 MHz
maximum population transfer | Ppay 97 + 5%

Table 1.1: Fit parameters for the spectrum of Figure 1.21.

probe. Further effects contributing to a frequency shift such as differential light shifts,
quadratic Zeeman shifts, and collisional shifts are two orders of magnitude smaller than
the contribution of the linear Zeeman shift measured here. These effects were studied
on the magnetically insensitive clock transition |FF =4,mp =0) < |F =3,mp =0) in
previous work [48].

We were able to significantly increase the resonant population transfer as compared to
previous experiments. The two key improvements lie in the high optical pumping efficiency
and the reduction of atom numbers to only ~ 5 per shot. Previously, atom numbers up
to 50 had caused atom losses by cold collisions [48].

The pulse duration inferred from the spectrum agrees well with the actually applied pulse
duration of tyyee = 16 ps. The fitted Rabi frequency is confirmed by recording Rabi
oscillations.

1.6.4 Rabi rotations

The demonstration of Rabi rotations is the most perspicuous way of showing the prepara-
tion of quantum states. The experimental procedure is similar to the one used for recording
a spectrum. The microwave frequency is fixed to the atomic resonance calibrated above,
and we measure the population transfer as a function of the microwave pulse duration
tpuise- For the Rabi rotations shown in Figure 1.22, the sequence was repeated 5 times
with 11 atoms on average per run before we increased the pulse duration by steps of 4 us.
The fit function derived from 1.19 reads:

P — P
P (tpuise) = Prin + w (1 — cos (2rtpulse)) - (1.24)

As above, Ppax = 89 + 1 % measures the maximum population transfer achieved. It is
slightly smaller than for the spectrum shown in Figure 1.21, which is probably due to
the fact that we used more atoms per shot in this measurement than for recording the
spectrum. With Py, = 0.0féjg %, however, the fringe contrast C is excellent:

Prax — P
C = H = 1000i(1)(8) % . (125)

From the fit we obtain a Rabi frequency of Qg = 27 - (28.48 +0.03) kHz which agrees well
with the Rabi frequency inferred from the spectrum of Figure 1.21. In the state vector
representation of the two-level atom, the evolution of the wavefunction reads

[ (tpuise)) = cos(Qrtpuise/2)|0) — i sin(Qrtpuse/2)[1). (1.26)
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Figure 1.22: Rabi rotations between states |0) and |1) in a homogeneous magnetic
offset field. Every data point shows the average population in state | 1) of 5 shots with 11
atoms each. While the maximum detected population in |1), Ppax, is limited by atom
losses due to cold collisions, the fringe contrast C' = 100799 % is excellent. The solid
line is a fit according to Equation (1.24).

A 7/2 pulse therefore transforms atoms which are initialized in state | 0), into the sym-

metric superposition state (]0) —i|1))/v/2. This operation corresponds to a Hadamard
gate in quantum information processing.

1.7 Robust spin flips by adiabatic population transfer

The coherent manipulation of the atomic hyperfine states by resonant microwave pulses
(see Section 1.6) is straightforward and has successfully been implemented in our experi-
mental system. However, if the experiment merely requires spin flips, adiabatic population
transfer is more suitable. It is much more robust with respect to fluctuations of the atomic
resonance frequency by, e. g., beam pointing instabilities, fluctuations of the intensity or
the polarization of the trapping lasers, or perturbations by static and dynamic magnetic or
electric fields. This insensitivity of adiabatic population transfer against the experimental
conditions has been used and investigated in neutron beam experiments [68, 69]. We have
studied this technique as an alternative to resonant coherent internal state manipulation
of our trapped atoms [70].
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Figure 1.23: Adiabatic population transfer in the dressed state picture. The eigenstates
|a(n)) and |b(n)) of the coupled atom — photon system do not intersect at the atomic
resonance 9 = 0. By sweeping the microwave frequency from large negative to large
positive detuning, a spin flip occurs because the wavefunction adiabatically follows the
eigenstate | a(n)) or |b(n)).

1.7.1 Dressed state picture

The robustness of an adiabatic passage with respect to frequency fluctuations is achieved
by sweeping the microwave frequency over a large interval across the atomic resonance.
As long as the atomic resonance frequency lies within the sweep interval, the population
transfer is successful. This scheme is visualized in Figure 1.23 using dressed states. Here,
the two relevant atomic states |0) and |1) are “dressed” with the photon number states
of the microwave field | n). The corresponding Schrédinger equation reads [52]:

d gy —pd (a®lam) Y _h(Q 20\ ( ca(t)|a(n))
g =inge (OG0 ) =5 (5 ) (0o ). 02

with the eigenstates

(i )= (sl ) (o) 19

and the mixing angle 0(t) = arctan(—Qg(¢)/d(t))/2. The fact that the energies of these
eigenstates are split by A€} so that the levels do not cross for § = 0, is also referred to as
“anti-crossing”. Slow rotation of the mixing angle by sweeping the detuning from § < 0
to 0 > 0 causes the wavefunction to adiabatically follow the eigenstate. If the system is
initially in state |0,n + 1) it evolves to state | 1,n) along |b(n)), see Figure 1.23. Vice
versa, state |1,n) will evolve to state |0,n + 1) along |a(n)). Thus, regardless of the
initial state, a spin flip always occurs.
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Figure 1.24: Microwave pulse shape for adiabatic population transfer. While the fre-
quency detuning is symmetrically swept around a central detuning d., the microwave
intensity is increased and decreased.

Adiabaticity condition

The spin flip efficiency crucially depends on the adiabaticity of the frequency sweep. The
interaction is adiabatic as long as the off-diagonal coupling term of the Hamiltonian in
Equation (1.27) remains small compared to the level splitting between | a(n)) and |b(n) ).
Effectively, the change of the mixing angle must remain significantly smaller than the

generalized Rabi frequency Q(t) = /Q%(t) + 62(t) [71]:

where f(t) is called adiabaticity function.

Consequently, for efficient population transfer the shape of the microwave pulse has to be
tailored to fulfil the adiabaticity condition (1.29). For our experiment, we choose the pulse
shape according to Reference [52]:

Qr(t) = Qmaxsin2( 1 t> (1.30)
pulse

tpulse .
d(t) = Oc+sign (t — &> -5max\/1 — sin? < i t) (1.31)
2 tpulse

The frequency sweep is symmetric with respect to the central detuning d., which specifies
the average frequency offset to the atomic resonance frequency. Simultaneously, we slowly
increase and decrease the microwave intensity Iyw o Q2R, see Figure 1.24. The respective
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Figure 1.25: Adiabatic population transfer in the Bloch vector model, before (a), during
(b), and after (c) the frequency sweep across the atomic resonance.

amplitudes are denoted dmax and Qmax, tpuise is the duration of the microwave pulse. As
I show in Figure 1.27 (b), this pulse shape fulfils the adiabaticity condition (1.29) over a
wide range of detunings J..

Bloch vector model

To show the conceptual difference between a resonant and an adiabatic spin flip, I visualize
the adiabatic population transfer in the Bloch vector model. Suppose an atom is initialized
in state | 0) corresponding to u(t = 0) = (0,0, —1), see Figure 1.25 (a). For large negative
detuning, the torque vector €2(¢ = 0) is parallel to the Bloch vector. As the frequency is
swept slowly across the atomic resonance, see Figure 1.25 (b), the Bloch vector quickly
precesses around the torque vector and follows its rotation around the v axis, according to
Equation (1.18). After the frequency sweep, both Q(t = t,use) and u(t = tpuse) = (0,0, 1)
point upwards corresponding to state | 1), see Figure 1.25 (c¢). The better the adiabaticity
condition is fulfilled the smaller the remaining opening angle of the precession cone of the
Bloch vector will be.

1.7.2 Experimental setup for adiabatic frequency sweeps

The experimental setup for performing adiabatic spin flips is similar to the one described
in Section 1.6.2. The frequency sweep is performed by external frequency modulation
of the microwave signal. For this purpose, our microwave synthesizer would need to be
unlocked from the 10 MHz Rubidium clock. Since its frequency drifts by several tens
of kHz when it is unlocked, we use a second synthesizer with better frequency stability
and operate it at 1 GHz (Rhode & Schwarz SMLO02, 9kHz...2.2GHz). Its output signal is
mixed with the RF signal of our microwave source operated at 10.2 GHz such that their
difference frequency matches the atomic resonance frequency of 9.2 GHz. We modulate
the frequency of the microwave pulse by external modulation of the 1 GHz synthesizer.
The amplitude modulation of the microwave pulse is performed by a PIN-diode attenuator
(miteq, MPHT 910930-60-10) with an insertion loss of 3.2 dB at 10.2 GHz and a maximum
attenuation of 60 dB.
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Figure 1.26: Setup for microwave spectroscopy using an adiabatic passage technique.
The frequency modulation (FM) for the adiabatic frequency sweep is performed by an
externally modulated synthesizer at 1 GHz whose signal is mixed with the microwave
radiation at 10.2 GHz. The amplitude modulation (AM) is performed by a PIN-diode
attenuator. Both FM- and AM-pulse shapes according to Equation (1.30) are controlled
by the computer control.

As an RF mixer, we use a level—13 mixer (miteq M0812) in reverse mode, see Figure 1.26.
Its low frequency IF output is used as an input for the 1 GHz signal (IF power = 8.4 dBm),
the microwave signal at 10.2 GHz is fed into the LO port (LO power = 13.2 dBm),
while the RF input serves as the high frequency output (RF power = 0.8 dBm) which is
connected to the amplifier. The sum frequency at 11.2 GHz is not amplified due to the
limited bandwidth of the amplifier. The difference frequency at 9.2 GHz is amplified to
37 dBm resulting in a microwave power of 35 dBm fed into the antenna. The remaining
transmission of the carrier at 10.2 GHz has a power of —19 dBm (fed into the antenna)
and is therefore negligible.

1.7.3 Spectrum of adiabatic population transfer
Experimental sequence

We record a spectrum to demonstrate adiabatic population transfer on our trapped cesium
atoms. The experimental procedure is similar to the one for recording the Fourier-limited
m—pulse spectrum shown in Section 1.6.3. A number of atoms is loaded into the dipole
trap (Up = 140 pK), and initialized in |0). The shape of the applied microwave pulse
corresponds to Equation (1.30), with the pulse parameters Qmax, dmax, and tpyse given in
Table 1.2.

Using our state-selective detection method, we now measure the population in state |1)
as a function of the central detuning d.. For the spectrum shown in Figure 1.27 (a), d./27
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Figure 1.27: Adiabatic population transfer. a) Each data point shows the average
population in state |1) of ten shots with five atoms each. The solid line shows the fit
function according to Equation (1.35), derived from a numerical integration of the optical
Bloch equations. The corresponding fit parameters are listed in Table 1.2. b) The top
graph shows a numerically calculated spectrum for the parameters given in Table 1.2,
but neglecting the energy distribution of the trapped atoms. Below, the corresponding
adiabaticity function defined in Equation (1.32) is plotted for the same parameters. The
two graphs illustrate that the adiabaticity condition is no longer fulfilled at the edges of
the spectrum.

was stepped from -65 kHz to 65 kHz with a stepsize of 1 kHz and ten repetitions per
step. We found that the phase noise of the microwave signal of the Agilent synthesizer is
much larger in stepped sweep mode than it is in continuous wave mode. This property
causes the slopes of the resulting spectrum to be less sharp. We therefore operate the
synthesizer in continuous wave mode, in contrast to the experimental sequence presented
in Section 1.6.3. In order to step the frequency, the synthesizer is reprogrammed by the
computer control via GPIB for every step.

Results

The recorded spectrum is shown in Figure 1.27 (a). The wide plateau shows a population
transfer efficiency P; > 90 % for —30 kHz < d./27 < 40 kHz. It is constant for a large
interval of the central detuning of the frequency sweep demonstrating robustness of the
spin flip efficiency with respect to frequency drifts and fluctuations. This efficiency rapidly
drops to 0 beyond this frequency interval. The asymmetry of the spectrum is due to an
inhomogeneous broadening of the atomic resonance frequency, as discussed below.

At the edges of the spectrum the adiabaticity condition (1.29) is no longer fulfilled, as
illustrated in Figure 1.27 (b). The upper part shows the expected population transfer
from a numerical integration of the optical Bloch equations (1.18), with the pulse shape
according to Equation (1.30) and the experimental parameters according to Table 1.2.
Below, the maximum value of the corresponding adiabaticity function is plotted, defined
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as:

fmax(éc) = nax f(t7 5C) (1‘32)
t€[0,tpuse)

While fihax(dc) remains < 1 for a large frequency interval, it increases rapidly at the edges
of the spectrum and demonstrates that the frequency sweep is no longer adiabatic as soon
as |0.| approaches dpax. Quantitatively, the comparison of the two graphs in Figure 1.27 (b)
shows that the population transfer efficiency drops below 90 % when fpax(dc) > 0.5 at
|0c|/2m > 38 kHz. When the central detuning d. becomes even larger than the amplitude
dmax Of the frequency sweep, the atomic resonance frequency is no longer crossed during
the sweep so that no population transfer occurs.

As opposed to the ideal case of Figure 1.27 (b), the recorded spectrum of Figure 1.27 (a) has
asymmetric edges. They arise from an inhomogeneous broadening of the atomic resonance
frequency caused by the energy-dependent differential light shift Ad,s = AFy— AFE; of the
individual trapped atoms, see Equations (A.7) and (A.8). Colder atoms spend more time
in the bottom of the potential well, so that their differential light shift between state |0)
and | 1) is larger than for hotter atoms. The energy distribution of the atoms in our dipole
trap obeys a three-dimensional Boltzmann distribution with probability density [57]:

E? E
p(E) = 2k T)? exp <_kB—T> (1.33)

so that the distribution of the differential light shifts of the trapped atoms reads [72]:

_ B3 . 2Up
04(515) = _(515 - 5ls,max)2 €xXp [_ﬁ(dls - 5ls,max)] with ﬁ(T) = T s (134)
2 kBTéls,max

Preset pulse parameters
maximum Rabi frequency Qmax/2m 28 kHz
amplitude of the frequency sweep Omax /2T 40 kHz
pulse duration tpulse 2 ms
Trap parameters
potential depth Uo/kp 140 pK
maximum differential light shift Ols,max/2m | 12 kHz
(obtained from indep. measurement, Section 2.3.2)
Fit results
atom temperature T 40 pK
maximum population in state | 1) A 95 %
frequency shift Ocorr/ 27 1.0 kHz

Table 1.2: Parameters for the spectrum of Figure 1.27 (a).
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where T' is the temperature of the atoms and i max is the maximum differential light shift
in the bottom of the potential well. Note that this equation is only valid in the harmonic
approximation of the dipole potential.

In order to model the experimental data, the numerically obtained population transfer
efficiency Pj(d.) has to be convoluted with the distribution of differential light shifts:

0
Pi(s.) = / G(80) P (8 + 81) s (1.35)

éls,max

The resulting transfer efficiency P (6c) is computed numerically and fitted to the data
with two additional parameters, A - ﬁl (0c + dcorr). The amplitude A takes into account
experimental imperfections during state preparation and detection while the frequency
offset dcorr corrects for a shift of the frequency center of the spectrum. This shift is due to
the fact that the initial frequency calibration determines the atomic resonance frequency
shifted by an average differential light shift which has not yet been accounted for in the
numerical calculation. The solid line in Figure 1.27 (a) shows the resulting fit which agrees
very well with the experimental data. The fit parameters are listed in Table 1.2.

According to an independent measurement of the differential light shift, see Section 2.3.2,
is,max/2m = 11.9 £ 0.7 kHz for the given trap depth of Uy = 140 uK. The assumption
of these values leads to the given fit results. The value of the atom temperature of
T = 40 pK obtained from the fit is compatible with the temperature measured in previous
investigations. The excellent agreement of the theoretical curve with the experimental
data shows that our model works very well.

1.8 Conclusion

We have developed a number of tools to control both internal and external degrees of
freedom of single neutral atoms. A high-gradient MOT allows us to cool and to capture
single cesium atoms the exact number of which we infer from their fluorescence light. They
can be transferred with high efficiency into a standing wave dipole trap which provides
sub-micrometer localization along its axis and the possibility to transport the atoms over
distances up to a centimeter. Molasses cooling in the dipole trap enables us to cool the
trapped atoms and to image them by an intensified CCD camera. The current limitations
of our cooling technique are set by the multi-mode characteristics of our Nd:YAG dipole
trap laser. It induces multi-photon processes together with the molasses lasers and pumps
the atom out of the cooling cycle. Nevertheless, careful alignment and properly chosen
laser parameters allow us to continuously observe a single trapped atom for half a minute,
merely limited by collisions with atoms from the background vapor. The refinement of
this technique made it possible to image the controlled motion of a single atom and a
string of atoms for the first time.

Initialization and detection of internal atomic hyperfine states is performed by optical
pumping and by the application of a state-selective push-out laser, respectively. Both
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techniques can reliably be applied to a single or more atoms at a time and have efficiencies
exceeding 99 %. For the coherent manipulation of the internal states we use microwave
radiation to drive the hyperfine ground state transition on the stretched Zeeman sublevels.
Rabi oscillations with excellent fringe visibility demonstrate the preparation of quantum
superposition states. Adiabatic passages provide an alternative technique to flip the spin
of the atomic qubit. This technique proves to be more robust against frequency drifts
than resonant population transfer.






Chapter 2

Experimental realization of a
neutral atom quantum register

2.1 Introduction

A quantum register is an essential building block of a quantum computer. It consists of a
well known number of qubits each of which can be prepared in a desired quantum state.
Write and read operations on a quantum register are performed by coherent one-qubit
rotations of individually addressed qubits and by state-selective measurements.

In our case, a string of neutral atoms trapped in different potential wells of the dipole trap
serves as quantum register. In an experimental geometry similar to ours, a linear Paul
trap, individual ions are coherently manipulated using a tightly focused laser beam [5].
With a spatial addressing resolution of 10 um, selection between different ion qubits is
achieved by deflecting it with an acousto-optic deflector. Clouds of neutral atoms have
been trapped in a COg—laser optical lattice [73] and in arrays of optical microtraps [74],
where a focussed laser beam is also used to address individual trapping sites.

I will present an alternative technique for the individual addressing of atom qubits which
works reliably at an addressing resolution as small as 2.5 pm. Coherent manipulation of
the qubits is performed using microwave radiation as demonstrated in Section 1.6. The
individual qubits are selected by application of a linear magnetic field gradient along the
trap axis which causes the resonance frequency of the qubit transition to be position
dependent. By tuning the microwave frequency accordingly, we spectroscopically resolve
the trapped atoms and demonstrate coherent read and write operations on this quantum
register. In a different context, a similar technique is routinely used in NMR imaging where
magnetic field gradients are applied in order to obtain spatially resolved information on
the spectral properties of, e. g., human tissue [75].

The coherence time of the quantum register indicates how long the fragile superposition
states survive. It thus sets the time limit for useful quantum computations. A detailed
analysis of the coherence properties reveals a coherence time of 600 us which is two orders
of magnitude larger than our operation time of a Hadamard gate.

47
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Figure 2.1: Image of a string of five trapped atoms. A magnetic field gradient intro-
duces a position dependent atomic resonance frequency. As an example, addressing of
the second and the forth atom of the string requires knowing the respective resonance
frequencies wp(z2) and wy(z4).

2.2 Calibration of the position dependent atomic resonance

The position-selective manipulation of the trapped atoms requires precise knowledge about
the respective atomic resonance frequencies. In preparation for all single atom addressing
experiments presented in this chapter we therefore perform a calibration measurement
which determines the resonance frequencies of the trapped atoms as a function of their
position along the trap axis.

2.2.1 Magnetic field

Figure 2.1 shows an image of a string of five single atoms trapped in different potential
wells of our standing wave dipole trap. It is the same image already depicted in Figure 1.11.
In order to spectroscopically resolve these atoms we apply an inhomogeneous magnetic
field which introduces a position dependent |0) < |1) transition frequency. For this
purpose we use the MOT coils which produce a quadrupole magnetic field B gyaq(r) whose
magnitude increases linearly from the center. In order to avoid state mixing between the
atomic Zeeman levels, we additionally apply a homogeneous guiding field By along the
trap axis, see Section 1.5.1. The total magnetic field therefore has the form

B:p B() X
B<T) = By = BO + Bquad("') = 0 + B’ Y s (21)
Bz 0 —2z

where B’ denotes the magnitude of the gradient field. Since the dipole trap is aligned
onto the MOT which runs close to the zero point of the quadrupole field (x =y = z = 0),



2.2 Calibration of the position dependent atomic resonance 49

the dipole trap is on the axis (y = 0,z = 0) so that the transition frequency between
|0) = |F=4,mp=—4) and |1) = |F =3,mp = —3) of the trapped atoms increases
linearly with x:

wo(x) = Apps + do + ' . (2.2)

Here, the frequency shift due to the homogeneous magnetic guiding field is labelled
d9, and the magnitude of the position dependent frequency shift is denoted by w’ =
(393 — 4g4)upB’/h. A guiding field of |By| = 4 G causes a frequency shift of dy/27 =
—9.8 MHz, while the gradient field of typically B’ — 1.5 mG/um results in a shift of
W' /27 = 3.7 kHz/pm.

2.2.2 Experimental sequence

For a precise calibration of wy(x) we use trapped atoms as a probe. Initially, we determine
0o by recording a spectrum in the homogeneous magnetic field By, see Section 1.6.3.
Then, we measure «’ in the gradient field by loading a large atom cloud into the dipole
trap, initializing it in state |0 ), and applying a microwave m pulse with a fixed frequency
wwuw. After state-selective detection the atoms only remain trapped at the position that
was resonant with the microwave pulse. By repetition of this measurement at different
microwave frequencies we calibrate the position as a function of the microwave frequency,
z(wymw), from which we can infer w’ and dy.

In the first step, we load a large number of about 50 atoms into the dipole trap. After
the transfer from the MOT, their spatial distribution only extends over the MOT size
of roughly 10 pm diameter. We broaden their distribution within the dipole trap to
20¢0¢ = 60 pum by switching off one of the two trap laser beams for 1 ms, see Section 1.3.4.
Under continuous illumination by the optical molasses we then image the trapped atoms
with an integration time of 500 ms, see Figure 2.2 (a). Due to the large number of atoms,
the average separation between individual atoms is too small to be resolved. In order to
cool the trapped atoms as long as possible, the molasses lasers are switched off only after
the CCD chip has been read out which takes 400 ms. Now we switch on the magnetic field
B(r). To create the gradient field we run a current of 1.3 A through the MOT coils which
corresponds to roughly one tenth of the current during MOT operation. After initializing
the atoms in state |0) by optical pumping, we apply a microwave 7 pulse with a pulse
duration of ¢,,15e = 200 ps at the frequency Anrps + do. The state-selective push-out laser
then removes all atoms from the trap that have remained in |0). A subsequently taken
image with an exposure time of 500 ms, see Figure 2.2 (b), indeed reveals the presence of
atoms in an area of 3 ym diamater. Its center corresponds to the position x = 0, according
to Equation (2.2).

For a better signal-to-noise ratio we repeat this sequence 20 times and add up all initial and
all final images. To analyze the resulting two images we follow the procedure introduced
in Section 1.3.4. After suitably clipping the images to minimize the background noise, we
bin the pixels of the pictures along the vertical z direction to obtain histograms for the
intensity distribution along the trap axis . The resulting histogram of the initial image
shows a homogeneous distribution over the entire trapping region (Figure 2.2 (a)). In
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Figure 2.2: Image analysis for frequency calibration. a) The picture shows 20 added
images (exposure time: 0.5 s) of an atom cloud in the dipole trap of 50 atoms each. b)
This picture shows 20 added images after application of a 7 pulse and state-selective
atom removal from the trap. Only the atoms resonant with the microwave pulse are
left. The histograms in (a) and (b) show the respective binned intensity distributions. c)
Division of the second histogram (b) by the initial distribution (a) yields the normalized
intensity distribution. The line is a Gaussian fit according to Equation (2.3).
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order to normalize the atom distribution after state-selective detection (Figure 2.2 (b))
onto the initial distribution of atoms, we divide the histogram of the final image by the
one of the initial image.

The resulting intensity distribution (Figure 2.2 (c)), corresponds to a convolution of a
Fourier-limited 7 pulse spectrum (Figure 1.21) with the intensity distribution of a single
atom image (Figure 1.10 (b)). We determine its center z. by fitting the same Gaussian
function as in Equation (1.15):

202

X

I(z) = B + Aexp <_M> (2.3)

The resulting fit parameters are listed in Table 2.1.

position ze | 50.5 = 0.1 pixel
width ox | 1.3+ 0.1 pixel
offset B| 79+ 04 %
amplitude | A 244+ 1%

Table 2.1: Fit results for the normalized intensity distribution of Figure 2.2 (¢), accord-
ing to Equation (2.3).

The 7 pulse time and the corresponding microwave power of the Fourier-limited pulse were
chosen such that the width of the intensity distribution oy is not significantly broader
than the width of a single atom image in the dipole trap ox(DT) = 1.24 + 0.16 pixel.
The 1/y/e—width of the respective pulse spectrum in frequency space is 1.9 kHz and
corresponds to wspec = 0.5 pixel using the calibration result below. The expected width of

the intensity distribution oy = \/ ox(DT)? + w2, ., = 1.3 + 0.2 pixel agrees well with the

spec

measured width of oy = 1.3 + 0.1 pixel.

Due to the fact that the spectral pulse width is smaller than the width of a single atom
image, the amplitude of the normalized intensity distribution is small. The resonance
frequency of atoms trapped at a site which is, e. g., two pixels away from z., is detuned
from the microwave frequency far enough so that no spin flip occurs. However, their
fluorescence still contributes to the histogram counts of Figure 2.2 (a) at the position ..
This additional background of the reference image significantly decreases the amplitude
of the normalized intensity distribution.

2.2.3 Result

To measure the position as a function of the atomic resonance frequency we repeat the en-
tire procedure described above for different microwave frequencies. The result is plotted in
Figure 2.3 and reveals a purely linear dependence, as expected. From the slope of the linear
fit we infer the position-dependent frequency shift to be w’/27w = 3.480+0.007 kHz/pixel =
3.71 £0.03 kHz/pum. The magnetic field gradient is therefore B’ = —1.51 +0.01 mG/um
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Figure 2.3: Calibration of the atomic resonance frequencies. Each data point shows
the center position of a fitted intensity distribution as in Figure 2.2 (c). The error bars
are too small to be displayed here. From the slope of the linear fit we infer w’/27 =
3.71 £ 0.03 kHz/pm.

which is compatible with the expected gradient of —1.4+0.1 mG/um, calculated from the
applied current of 1.3 +£0.1 A [54].

2.3 Position-selective quantum state preparation

The manipulation of the quantum register requires the addressing of individual atoms
within a string of trapped atoms. Since each time new atoms are loaded from the MOT,
they are located at random positions. We therefore implement a computerized feedback
scheme which determines the resonance frequencies of the atoms and programs the mi-
crowave source accordingly.

2.3.1 Addressing of a single atom

To carry out single qubit operations on the quantum register, we first take an image of the
trapped atom string. The image is then automatically analyzed by a computer program
such that the positions of all optically resolved atoms are determined. Using the results
of a previously performed calibration measurement, the resonance frequency of the atom
to be addressed is calculated and sent to the microwave source. The microwave radiation
now interacts only with the selected atom while leaving the neighboring atoms untouched.
A schematic overview of the experimental setup is shown in Figure 2.4.

Image analysis

In order to determine the positions of the atoms in the register, we analyze their images
by a computer program written by one of my co-workers, Yevhen Miroshnychenko. Fig-
ure 2.5 (a) shows a typical picture with three trapped atoms (exposure time: 0.5 s). First,
the image is binned vertically to yield the intensity distribution along the trap axis, see
Figure 2.5 (b). In the resulting histogram, the positions of all atoms are identified using
the following algorithm. We initially define a threshold value (Ni,, = 18000 in this case)
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Figure 2.4: Experimental setup for single atom addressing. While the trapped atoms
are illuminated by the optical molasses, an ICCD image is acquired. Subsequent analysis
of this image determines the positions of the atoms and their resonance frequencies.
The microwave source is then accordingly programmed by the computer control so that
coherent manipulation of a selected atom qubit can be performed.

for the minimum number of counts per pixel column above background noise, and a value
for the half-width of a histogram peak (wpeak = 3). First, the highest histogram bar
above Ny, is identified, in this illustration at the position £; = 73. Now, all histogram
values from &1 — Wpeak t0 T1 + Wpeak are set to zero, see Figure 2.5 (c). These two steps
are repeated until all bars are smaller than Ny, see Figure 2.5 (e). In this way, two
further peaks are identified at Zo = 59 and Z3 = 49, see Figures 2.5 (¢) and (d). To make
sure that a detected fluorescence peak at position Z. corresponds to exactly one atom
rather than two or more atoms, the total number of counts within each fluorescence peak
Niot = Z;:i;uc p_cjlljpeak N(Z;) is calculated, where N(Z;) denotes the number of counts in
column #;. Since Nyt is typically (1.5 4 0.22) - 10° for a single atom, we discard peaks
with Nio; larger than 1.9 - 10%. For the case of exactly two atoms, I calculate from the
width of the atom distribution of 20y, = 60 um, that such an atom pair is optically not
resolved in 6 % of the cases.

In a next step, the positions of all optically resolved atoms are determined with higher
precision. For this purpose, the computer program calculates the center of mass z. for
every fluorescence peak:
1 i'8+wpeak
Te = T;N(Z;) . 2.4
7 Neot Z N (Zi) (2.4)

Lj=Tc—Wpeak

For this illustration, the scheme yields the values x; = 72.9 + 0.1 pixel, zo = 58.7 +
0.1 pixel, and x3 = 49.0 £ 0.1 pixel. The precision of Az, = +0.1 pixel is sufficient for
all experiments described in this thesis. This error is calculated by applying the law of
error propagation to Equation (2.4), where N(Z;) is replaced by the number of photons



54 CH. 2: EXPERIMENTAL REALIZATION OF A NEUTRAL ATOM QUANTUM REGISTER

1500

counts / pixel

(@)

201 Ninr

0 20 40 60 x; 80 100

Nthr

0 20 40 Xo 80 100

Nthr

0 20 40 4 60 80 100

Figure 2.5: Image analysis of a three atom string. To determine the positions of the
atoms along the trap axis, their image (a) is binned vertically. In the resulting histogram
(b) the largest bar (#1) above a threshold value of Ny, = 18000 is identified. Then, the
histogram values from &; — Wpeak t0 1 + Wpeak are set to zero (c¢) and the procedure is
repeated until all bars are smaller than Ny, (d, e).

N’ = N(Z;)/390 counts/photon, see Section 1.3.1. For N’ Poissonian statistics then yields
an error of AN’ = V2N’ where the factor of two takes into account the additional noise
due to the amplification by the multi-channel electron multiplier of the ICCD [76].

Feedback to the microwave source

In this illustration we choose to address the second atom of the string. For this purpose,
the computer calculates the resonance frequency w(z2) corresponding to the second peak
of the histogram, using Equation (2.2). The position dependent frequency shift w’ has
been calibrated as described in Section 2.2 and the position x2 has been determined from
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Figure 2.6: Addressing an individual atom. (a) Image of a string of three atoms. (b)
Initialization of the register in | 000 ) by optical pumping. (c) A m pulse at the resonance
frequency of the second atom switches the register to state | 010). (d) The push-out laser
removes all atoms in |0) from the trap. (e) A final image reveals the presence of the
middle atom in the trap. The period of the standing wave dipole trap in (b) — (d) is
stretched for illustration.

the fit above.

The entire automated procedure described so far is performed by the camera computer
which controls and reads out the ICCD and analyzes the acquired images. It sends the
resulting number w(x2) to the central control computer. This computer is responsible
for the timing of the entire experimental procedure, see Section 1.1.2. It programs the
microwave source to change its frequency to w(x2) via a GPIB-interface. Now the synthe-
sizer is ready to create a microwave signal at that frequency whenever it receives a trigger
pulse.

After an image of the trapped atoms has been taken by the ICCD, it takes a total time of
roughly 400 ms until the microwave source is programmed to the new frequency. Most of
this time is needed for read-out of the CCD-chip and transfer of the data to the camera
computer. For the area of 22 x 100 pixel? shown in Figure 2.5 (a), the data transfer
takes 300 ms. Binning and determination of the atom positions and the corresponding
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Figure 2.7: Measurement of the addressing resolution. A single atom in the dipole trap
is subjected to a m pulse. The microwave frequency is set such that it is resonant with a
position at the distance Az away from the atom.

frequencies only requires 5 ms. Transmission of this information to the control computer
takes another 20 ms, and another 50 ms are needed to program the microwave synthesizer.
To ensure that all of these steps are completed before the experimental procedure is
continued, we usually wait for 600 ms after exposure until the trapped atoms are subjected
to any microwave pulses. During this time, we continuously cool the atoms with the optical
molasses.

Addressed spin flip

To illustrate our addressing scheme, we now perform a spin flip on the center atom of
the string (Figure 2.6 (a)). After the optical molasses has been switched off, we apply
the magnetic field B(r) of Equation (2.1) and lower the dipole trap to 100 pK. Then
the optical pumping laser is shined in along the trap axis to initialize the register in
|000) =10);]0)5]0)s, where the subscript denotes the atom number (Figure 2.6 (b)). A
microwave 7 pulse flips the spin of the center atom (Figure 2.6 (¢)) and thus switches the
register state to | 010). For state-selective detection the push-out laser removes all atoms
remaining in state |0) from the trap (Figure 2.6 (d)). Now we switch off the magnetic
field and increase the trap depth to its initial value. Under continuous illumination by the
optical molasses, we take a second picture with an exposure time of 0.5 s. As expected,
atom 2 is present in Figure 2.6 (e), while atoms 1 and 3 have been removed.

2.3.2 Addressing resolution
Experimental sequence

In order to characterize the performance of this addressing scheme we determine its resolu-
tion, i. e. the minimum distance between adjacent atoms necessary for selective addressing.
For this purpose, we trap only one atom at a time in our dipole trap. After initializing
the atom in state |0) and determining its position and resonance frequency wg, we apply
a 7 pulse to the atom (Figure 2.7). We detune the frequency of this microwave pulse
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wmw from wp and record the population transfer from |0) to |1) as a function of this
detuning 6 = wyw — wp, which corresponds to a position offset Az = §/w’ according
to Equation (2.2). After application of the microwave pulse, we subject the atom to the
state-selective push-out laser. In contrast to the illustration in Figure 2.6, we do not reveal
the presence or absence of the atom by acquiring a second image, but by transferring it
back to the MOT where we detect its fluorescence. Detection in the MOT is much faster
and therefore saves hours of measurement time since many repetitions are required for
good statistics.

Microwave pulse

The microwave pulse has a Gaussian shaped envelope resulting in a Rabi frequency of

t— tpuise/2)?
QR(t) = Qmax €Xp (—%) s t= 0~-75pulse (2-5)

For fixed pulse width 20, and pulse duration f,ysc, wWe initially optimize the maximum
amplitude Qax to fulfil the 7 pulse condition fg"“lse Qgr(t')dt’ = 7. This is accomplished
by fine-tuning the microwave power to achieve a maximum population transfer close to
100 %. The amplitude modulation is externally controlled via the AM input of the Agilent
microwave synthesizer. Since its dynamic range is only 20 dB, the total pulse duration
tpulse 15 chosen such that Qg (0) = Qr(tpuise) = Qmax/10.

We choose a Gaussian rather than a rectangular pulse shape as above because the fre-
quency spectrum of this pulse falls off exponentially from the carrier frequency. The sharp
edges of a rectangular pulse produce sinc-like AM sidebands whose amplitudes fall off
quadratically.

Results

The result of this measurement is shown in Figure 2.8 (a)—(c) for different durations of
the microwave pulse. For every data point we performed a total of 100 runs. Due to
the Poissonian distribution of atom numbers initially captured by the MOT, on average
37 % of all experimental runs are actually performed with exactly one atom when the MOT
loading time is optimized to capture one atom on average. All single atom events are post-
selected, so that every data point is obtained from roughly 40 single atom measurements.

The measured data for resonant addressing show that for a pulse width of up to 20, =
35.4 ps, the maximum population transfer efficiency is Ppax = 98.71%):(1] %. This number is
obtained by averaging the two central data points of the spectra in Figure 2.8 (a) and (b).
This efficiency includes all experimental imperfections: losses during transfer of the atom
between the two traps and during illumination of the atom in the dipole trap, imperfect
state initialization by optical pumping, and erroneous detection of the atomic state.

Due to the narrowing Fourier spectrum of the corresponding 7 pulses, the spatial interval
of significant population transfer decreases with increasing pulse duration. A pulse of
length 20, = 70.7 us, see Figure 2.8 (¢), swaps the state of an atom at one position while
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Figure 2.8: Resolution of our single atom addressing scheme. The data points show
the population transfer efficiency of an atom being exposed to a microwave 7w pulse reso-
nant with a position Az away from the calculated atom position. Each point consists of
approximately 40 single atom events. Resonant addressing reveals a spin flip efficiency
of close to 100 %. The measured data are in good agreement with a numerical calcula-
tion (solid lines). The pulse parameters and the results of the calculation are listed in
Table 2.2.
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an atom trapped at a site 2.5 um away remains in its initial state with a probability of
10019, %.

Since the functional shape of the spectra cannot be derived analytically, we numerically
integrate the optical Bloch equations (1.18) with the time-dependent torque vector Q(t) =
(Qr(%),0,0), according to Equation (2.5). The solid lines in Figure 2.8 show the result of
this simulation with no adjusted parameters and demonstrate that the measured spectra
are in very good agreement with the theoretical prediction.

The shape of the spectra is close to Gaussian. We therefore define the spectral width oa,
as the position offset where the population transfer has decreased to P;(0az) = Pmax/Ve-
It corresponds to the width o5 = w'oa, in frequency space. The respective values for all
three spectra are summarized in Table 2.2.

The addressing resolution is a measure for how close two atoms can be brought together
such that the spin of one atom is flipped while the population transfer of the neighboring
atom is negligible. We therefore define the addressing resolution 0,44 as the position offset
with Pj(0a44) = 0.1 %. For the narrow spectrum shown in Figure 2.8 (c¢), the addressing
resolution is as small as 2.5 ym.

The predominant limitation for the addressing resolution are slow drifts of the intensity
and the polarization of the dipole trap laser beams which change the atomic resonance
frequency by up to 1 kHz/h corresponding to 0.3 pum/h. Their origin will be discussed in
detail below. Since the presented spectra were recorded without intermediate calibration

Figure 2.8 (a) 2.8 (b) 2.8 (c)
microwave pulse

pulse duration tpulse 38 ps 76 1s 152 ps
pulse width 20, 17.7 ps 35.4 s 70.7 1s
peak Rabi frequency Qmax/2m 22.4 kHz 11.2 kHz 5.6 kHz
spectrum

spectral width, in space OAx 3.5 pm 1.7 pm 0.87 pm
= spectral width, in frequency | o4/27 12.8 kHz 6.4 kHz 3.2 kHz
addressing resolution Tadd 10.2 pm 5.1 pm 2.5 pm
position shift Ts 1.1 pm 2.1 pm 3.4 pm
= frequency shift ds/2m 3.9 kHz 7.7 kHz 12.6 kHz
maximum population transfer Prax 10072 % 9872 % 9073 %
(obtained from individual

data points)

Table 2.2: Summary of the microwave pulse parameters and the results of the numerical
calculation for the spectra in Figure 2.8.
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measurements of the atomic resonance frequency during the 10-hour data acquisition time,
their centers have to be corrected for a position shift of x5 which corresponds to a frequency
shift of 6 = w'xs. At the present stage, operation of the quantum register at the resolution
of 2.5 pum therefore requires a calibration measurement every two hours.

We have demonstrated reliable addressing of single atoms with high efficiency. Limited by
drifts of the atomic resonance frequency, an addressing resolution of up to 2.5 um can be
achieved, with the drawback of long spin flip times of 70.7 us. However, since the spectra
are Fourier limited, the single qubit gate operation time is inversely proportional to the
addressing resolution. Therefore, if the addressing resolution is required to be only 10 pm,
the speed of the gate operation is increased by a factor of four to 17.7 us.

Experimental limitation: vector light shift

The drifts of the atomic resonance frequency are caused by slow variations of the intensity
and the polarization of the dipole trap laser beams. They result in a drift of the vector
component of the light shift of the atomic states. Since it linearly depends on the Zeeman
state mp according to Equation (A.8), it affects the atomic resonance frequency for our
microwave transition.

We measured the fraction of circularly polarized light in our dipole trap by performing
spectroscopy on the qubit transition for different trap depths. If there is an intensity
imbalance between right and left circularly polarized light the total intensity reads:

Itot == Iﬂ- + 6_[0i s (26)

with I; denoting the intensity of the linearly polarized light and eI + the fraction of
either right or left circularly polarized light, with ¢ < 1. It causes the light shift to be
myp dependent according to Equation (A.8):

AE(mp) = AE; + eAE,+ (mr). (2.7)

The resulting differential light shift of the qubit transition AFEqig ot therefore has a scalar
contribution AFEjg;g s arising from the linearly polarized trapping light, and a vectorial
contribution AFEgig vec from the circular polarization:

AE‘diﬂ“ tot = AE?diff,sc + EAE’diﬂﬂvec (28)
with  ABsgee = AE (F=4)— AEL(F =3), .
ABgigvee = AE,+(F=4,mp=—4)— AE,«(F = 3,mp = —3). (2.10)

According to Equation (A.7), the scalar differential light shift in a m—polarized trap of
1 mK amounts to AEgigs/h = —3 kHz. A purely o —polarized dipole trap of the
same depth yields a differential light shift of AFEgig vec/h = —3.4 MHz, according to
Equation (A.8).

Figure 2.9 shows the measured atomic resonance frequency as a function of the total
trapping laser power P. The data are obtained by recording Fourier-limited spectra of the
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Figure 2.9: Measurement of the differential light shift of the qubit transition. We record
Fourier-limited spectra with a 7 pulse time of 200 us for different trapping laser powers.
Here, the atomic resonance frequencies obtained from this measurement are plotted. The
total differential light shift obtained from the linear fit is dominated by the circularly
polarized contributions of the trapping laser beams.

|0) <> | 1) transition with a m—pulse time of 200 us in a homogeneous magnetic guiding
field of 2 G. The linear fit has a slope of —34 +2 kHz/W and therefore yields a differential
light shift of AEgif tor/h = —85 + 5 kHz in a trap of 1 mK, see Section 1.2.2. Since the
scalar contribution AFEgig s is negligible, the vectorial part eAFEqig vec/h dominates the
total differential light shift. Our measurement therefore yields a o™ —polarized fraction of
the total intensity of e = 2.4+ 0.1 %.

In our setup, both trapping laser beams are linearly polarized using Glan-laser polarizers
with a measured extinction ratio of 1073, but the measured circularly polarized component
in the trap is much larger. Most likely, this effect is caused by birefringence of both the
glass cell and the window of the vacuum chamber, and by a small angle between the
polarization vectors of the two counter-propagating trapping beams. Moreover, the 8 mm
aperture of the polarizers does not allow us to place them into the expanded trapping
beam close to the vacuum chamber. Therefore, the three mirrors and three lenses between
the polarizers and the glass cell also contribute to the degradation of the polarization.

We typically perform our experiments in a lowered trap of 100 K. In such a trap, a change
of the circularly polarized intensity of 1 % results in a drift of the atomic resonance
frequency of 3.4 kHz. However, during a measurement sequence, we initially observed
drifts of up to 20 kHz/h. We identified the central polarizing beam splitter cube, which
separates the Nd:YAG laser beam into the two trapping beams, as a likely source of these
drifts. It is operated at its damage threshold of Iy, = 2 kW /cm?. Since it consists of two
prisms which are connected by a possibly birefringent glue, a temperature change due to
the high laser power could cause phase shifts of the output polarizations. In addition to
polarizing each trapping laser beam with Glan-laser polarizers, we counteract these phase
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Figure 2.10: Adiabatic spin flip of single register qubits. The spectrum shows the
population transfer of a single atom via an adiabatic passage as a function of the position
offset Az along the trap axis. Every data point is obtained from about 40 single atom
measurements. The solid line shows the result of a numerical calculation according to
Equation (1.35). The parameters are summarized in Table 2.3.

shifts by placing wave plates into each arm and aligning them for maximum transmission
through the polarizers every three hours during a measurement. These improvements
reduce the frequency drifts to the tolerable value of 1 kHz/h. A long-term improvement
would be the replacement of the polarizing beam splitter cube by a non-polarizing beam
splitter plate with a larger damage threshold.

2.3.3 Position-selective adiabatic population transfer

While it is essential to improve the experimental hardware such that the drifts of the
atomic resonance frequency are reduced, it is advantageous to use a technique which is
intrinsically more robust. As presented in Section 1.7, adiabatic passages provide an
alternative way of effectively flipping the spin of an atom while being much less sensitive
to frequency drifts than resonant population transfer.

Experimental sequence

We combine our addressing technique of Section 2.3.1 with the technique of adiabatic
population transfer presented in Section 1.7 to demonstrate a robust way to perform spin
flips of individual qubits of our quantum register [70]. As before, a single atom in the
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dipole trap is imaged and initialized in state | 0). Now, in the magnetic field gradient B’,
we apply an adiabatic frequency sweep, with the pulse shape of Equation (1.30) and the
pulse parameters of Table 1.2. We then record the single atom population transfer P; as
a function of the central detuning d., which corresponds to a position offset Az = §./w’
along the trap axis.

Spectrum of a single qubit spin flip by an adiabatic passage

The recorded spectrum is shown in Figure 2.10. As above, every data point is obtained
from 100 repetitions of the experimental sequence, from which we post-select roughly 40
measurements with exactly one atom present. As expected, the spectrum has a broad
plateau with a spin flip efficiency above 90 %. At the edges, this efficiency rapidly drops
to zero. While the addressing resolution o,q9q ~ 13 pum is comparable to the one of
the m-pulse spectrum in Figure 2.8 (a), the regime of high-efficiency population transfer
extends over an interval of 18 um and is much larger than for resonant spin flips with
the same addressing resolution. Considering typical total measurement times of 20 hours,
the demonstrated technique is therefore robust against the observed frequency drifts of
1 kHz/h.

Trap parameters

potential depth Uo/kB 85 uK
maximum differential light shift s, max/2m | 7.2 kHz
(obtained from indep. measurement, Section 2.3.2)

Fit results

atom temperature T 25 pK
maximum population in state | 1) A 91 %
frequency shift dcorr/2m | 3.3 kHz

Table 2.3: Fit parameters for the spectrum of Figure 2.10.

While the parameters for the microwave pulse are identical to the ones of the recorded
spectrum of an adiabatic passage in a homogeneous magnetic guiding field (Section 1.7),
the trap parameters are slightly different, see Table 2.3. Assuming a lower atom tempera-
ture of T'= 25 puK due to the lowered trap depth, I have plotted the expected theoretical
curve (solid line) into the spectrum of Figure 2.10, according to Equation (1.35). It agrees
very well with the experimental data. The reduction of the maximum population in the
final state | 1), see Table 2.3, as compared to the measurements presented in Section 2.3.2
is probably due to imperfect state initialization. Unless the optical pumping laser used
for initialization is circularly polarized with a purity of 1 — 1074, the optical pumping
efficiency to state |0) drops significantly below 100 %. Since its polarization has not been
optimized for several months before the measurement presented here, it is probable that
it causes the reduced maximum population in the final state. As in Section 2.3.2, the
frequency shift dcqr takes into account that the initial frequency calibration determines



64 CH. 2: EXPERIMENTAL REALIZATION OF A NEUTRAL ATOM QUANTUM REGISTER

X 100
Eﬂj 80_
()
2@ 60-

9@
D= 401
)
T 201
a
o) 0
o

0 20 40 60 80 100 120 140 160 180 200
pulse duration (us)

Figure 2.11: Demonstration of qubit rotations of individually addressed single atoms.
Each point shows the averaged population transfer of approximately 40 single atom
events. The Rabi oscillations have an excellent contrast of C' = 99.17%9%.

the atomic resonance frequency shifted by an average differential light shift which is not
considered in the numerical calculation.

2.3.4 Rabi rotations

To demonstrate the preparation of quantum register states we perform arbitrary qubit
rotations. Similar to the measurement of the addressing resolution in Section 2.3.2, we
trap, image, and initialize one atom qubit in state |0). This time, for experimental
simplicity, we apply a resonant square microwave pulse of duration #,,s and measure the
transfer probability to state |1). It is plotted in Figure 2.11 as a function of ¢pyse. Since
we perform 100 experimental runs for each pulse duration, every data point is deduced
from approximately 40 single atom events after post-selection.

The signal shows Rabi oscillations of the population between states |0) and |1). As in
Section 1.6.4, it is fitted using the following function:

Py (tpuise) = Prin + M (1 — cos (Qmtpuise)) - (2.11)
The Rabi frequency of Qp/2m = 32.2+0.1 kHz is slightly larger than for the measurement
presented in Section 1.6.4 which is due to the fact that the position of our microwave an-
tenna was readjusted between the two measurements. The maximum detected population
in state | 1) is equal to Ppax = 93+2 % and again includes all experimental imperfections.
With Ppin = 0.4"_%:2 %, the contrast is excellent:

Prnax - Pmin

C =
Pmax+Pmin

=99.1792 %. (2.12)
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We hereby demonstrate reliable single qubit rotations on our quantum register. The
operation time of the Hadamard gate is equal to 7 = 7/(2Qr) = 8 us. Note, however,
that such a fast gate operation time comes at the cost of a lower Fourier-limited addressing
resolution. For a reasonable addressing resolution of o,9q = 10 pum, the gate operation
time increases to 7 = 19 us, according to Table 2.2.

2.3.5 Multi-atom addressing

In the demonstrated register operations so far, only one individual atom was addressed.
For the implementation of a scalable register, any number of atoms must be selectively
manipulated once or several times. After characterizing the performance of our quantum
register in the previous sections, I will here, giving two examples, illustrate the addressing
of multiple atoms and discuss the current limitations.

Addressing of two individual atom qubits

In the first example, we perform a spin flip operation of two atoms on a five-qubit quan-
tum register to prepare the register state |01010). For this purpose, we trap five atoms
in our dipole trap. Again, one arm of the trap is switched off for 1 ms in order to in-
crease the spatial distribution of the atoms sufficiently to resolve all individual atoms.
We then take a picture (Figure 2.12 (I.a)) of the atom string to determine the resonance
frequencies of atoms 2 and 4. This time, the microwave synthesizer is programmed in
stepped sweep mode (see Section 1.6.2), with the start and stop frequencies equal to the
frequencies of atom 2 and 4, respectively. Now the register is initialized in state | 00000 )
(Figure 2.12 (I.b)). A Gaussian microwave 7 pulse with a pulse length of 20, = 35.4 us
and a corresponding addressing resolution of 0,94 = 5 pm as shown in Figure 2.8 (b), flips
the spin of atom 2 (Figure 2.12 (I.c)). Then the synthesizer frequency is stepped to the
stop frequency within a settling time of 10 ms. Whenever its frequency is changed, the
synthesizer needs to perform a levelling pulse for 1 ms to calibrate its output power. In
order not to disturb atom 4, which is resonant with the new microwave frequency, we use
the PIN-diode attenuator before the microwave amplifier which is able to attenuate this
pulse by 60 dB at 9.2 GHz. After performing the levelling pulse we switch the attenuator
to full transmission and apply a 7 pulse to flip the spin of atom 4. The register is now
prepared in its final state |01010) (Figure 2.12 (I.d)). For state detection, we apply the
push-out laser, which removes atoms 1,3, and 5 (Figure 2.12 (I.e)). A final image indeed
reveals the presence of atoms 2 and 4 (Figure 2.12 (L.f)).

Currently, the maximum number of addressable qubits is, for technical reasons, limited
to two. All coherent qubit manipulations are performed in a dipole trap lowered to a
depth of 100 uK using the AOMs. Thermal drifts of the AOMs cause the dipole trap
beams to misalign unless the trap depth is increased to the standard value of 0.8 mK after
50 ms. Therefore, all microwave pulses have to be applied within this time frame. Since
it takes 70 ms to program the microwave synthesizer, it has to be set to the respective
atom frequency before the dipole trap is lowered. The stepped sweep mode allows us to
transmit two individual frequencies to the synthesizer at the same time and to switch



66 CH. 2: EXPERIMENTAL REALIZATION OF A NEUTRAL ATOM QUANTUM REGISTER

|. addressing two qubits ll. inversion operation

(c)

X R RRY Y (1104000}
(d)

1e0ieNI0 e oneNo

[
0 1500 0 1500
counts / pixel counts / pixel

Figure 2.12: Two schemes for manipulating more than one atom of the quantum regis-
ter. I. Preparation of the state | 01010 ) by addressing two atoms. (a) Image of a five-atom
quantum register. (b) Initialization in |00000) by optical pumping. (c¢) Application of
a 7 pulse at the resonance frequency of atom 2. (d) Application of a 7 pulse at the
resonance frequency of atom 4. (e) The state-selective push-out laser removes all atoms
in state |0). (f) A final image reveals the presence of the remaining atoms in the trap.
II. Inversion of the quantum register. (a) Image of three atoms. (b) Initialization in state
|000). (c) Application of a 7 pulse to flip the spin of atom 2. (d) The application of
a 7 pulse at the resonance frequency in the homogeneous guiding field By performs an
inversion operation of the entire quantum register. (e) and (f) as above.

between these frequencies within 10 ms via a trigger pulse. This technical limitation could
easily be overcome by replacing the microwave synthesizer or by controlling the dipole
trap power via an electro-optical modulator which does not show the undesired thermal
drifts.
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Inversion operation of the quantum register

In the second example, we perform a spin flip on an individual atom in combination with
an inversion operation on the entire quantum register. Here, we trap three atoms in the
dipole trap (Figure 2.12 (II.a)). The microwave synthesizer is programmed in stepped
sweep mode as above, with the start frequency corresponding to the resonance frequency
of atom 2, and the stop frequency being equal to the qubit resonance frequency in the
homogeneous magnetic guiding field By. We initialize the three atom register in | 000 )
(Figure 2.12 (II.b)) and perform a spin flip on the second atom (Figure 2.12 (Il.c)), similar
to Section 2.3.1. Now, we switch off the magnetic field gradient, B’ = 0, and wait for 40 ms
to let eddy currents decay. The microwave synthesizer is triggered to switch to the stop
frequency. Now we apply a square m pulse with a duration of ;s = 19 ps which inverts
the entire register from state |010) to state | 101) (Figure 2.12 (II.d)). Application of the
state-selective push-out laser removes the center atom (Figure 2.12 (Il.e)) while atoms 1
and 3 remain trapped as shown in a final image (Figure 2.12 (ILf)).

2.3.6 Scalability

In the current stage, our quantum register should easily allow us to work with up to ten
qubits. However, in order to scale its size to a larger number of qubits, it is necessary to
implement several technical improvements.

Since the positions of the individual atom qubits are random, the probability that all
atoms be sufficiently separated to be optically resolved, decreases with increasing qubit
numbers. To circumvent this statistical limitation, it would be advantageous if the qubits
could be evenly spaced. The size of the quantum register would then be limited by the
minimum separation to optically resolve two neighboring atoms, which is currently 3 um.
With the qubits populating every sixth trapping site, several hundred optically resolved
qubits could be trapped within the trapping region which is given by the Rayleigh range of
the trapping laser beams of currently zg = 800 um. We are currently setting up a second
conveyor belt, perpendicular to the existing one (see Section 3.2). This should allow us to
place each atom of the quantum register into a desired potential well and would distribute
the atoms evenly in the trapping region.

Once such a large neutral atom quantum register can be handled experimentally, the
implementation of other trap geometries to increase the trapping region could push the
qubit numbers even higher. An easy way would be to increase the laser power or the
Rayleigh range of the trapping laser. A more difficult option would be the use of a
standing wave trap made of Bessel beams which have the property to diverge more slowly
than Gaussian beams. This would ensure homogeneous trap properties over a larger region.

With increasing register size, the requirement of selective manipulation of all qubits be-
comes increasingly difficult to fulfil. Therefore, the addressing speed should be increased
such that the microwave frequencies can be switched from one qubit to another one within
a few microseconds. Additionally, it would be desirable to perform several single qubit
gates in parallel rather than the current serial procedure. For this purpose, several mi-
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crowave signals at the respective qubit frequencies could be applied at the quantum register
simultaneously.

Most importantly, all computations including read and write operations of the quantum
register and two-qubit gate operations, which have yet to be implemented (see Section 3.1),
must be performed within the coherence time of the quantum register. Its current coher-
ence time of 600 us (see Section 2.4) must be increased to make a larger quantum register
feasible.

2.4 Coherence properties

A quantum register stores quantum states including superposition states. However, super-
position states are very fragile because coupling to the environment causes dephasing, i. e.
the loss of the known phase relationship between the quantum states of the qubits and
the microwave field. Their resulting evolution from pure quantum states to a statistical
mixture of states is called decoherence and sets the upper limit as to how long quantum
information can be stored and processed.

2.4.1 Crosstalk

Our addressing technique of the quantum register requires a magnetic field gradient so
that two qubits with a separation of Az will inevitably acquire a phase of Ap(t) = Azw't
between the states |0) and |1) within a time ¢. Since this phase difference is known and
can be accounted for in possible gate operations, it does not cause decoherence of the
quantum register.

A second effect changes the phase relation between the register qubits in a known and
predictable way. The application of a microwave pulse at the resonance frequency of one
qubit induces a coherent phase shift Ay on adjacent atoms. It is caused by non-resonant
interaction with the detuned microwave pulse and is not negligible even if the separation
of the qubits is large enough to prevent measurable population transfer. In the far-off
resonant limit § > Qg, the phase shift can be approximated [51]:

B o) QR(t)z
Agp—/ —55 dt. (2.13)

—00
If a microwave 7 pulse with the Gaussian pulse shape Qg (t) of Equation (2.5), is applied
with a detuning of 6 = w’Azx, Equation (2.13) yields:

3
T2

40.9 "

Ap = (2.14)
The general case requires the numerical integration of the optical Bloch equations (1.18).
Figure 2.13 (b) shows the resulting phase shift as a function of the position offset for
the addressing spectrum of Figure 2.8 (¢). For illustration and comparison, the addressing
spectrum is presented again in Figure 2.13 (a), where the solid line indicates the calculated
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Figure 2.13: Coherent phase shift induced by non-resonant interaction with a microwave
pulse. a) Single atom addressing spectrum of Figure 2.8 (¢). The solid line shows
the population transfer calculated from a numerical integration of the optical Bloch
equations. b) Coherent phase shift inferred from the same calculation, for the two initial
conditions ug = (0,1,0) and up = (1,0,0). In the shaded area the phase shift between
states |0) and |1) cannot be properly defined because significant population transfer
occurs. At a position offset corresponding to the addressing resolution of 2.5 um, the
phase shift is Ap = 0.27.

population transfer.

The phase shift plotted in Figure 2.13 (b) is inferred from the same calculation, with Bloch
vectors initialized in state ug = (0,1,0) and ug = (1,0,0). In the shaded area around the
atomic resonance, the phase cannot be properly defined because significant population
transfer occurs. For large detuning, the phase shift is independent of the initial state
uo and exhibits the 1/0—relation of Equation (2.14). A second atom separated by the
addressing resolution of o,qq9 = 2.5 um from the addressed atom acquires a phase shift of
Ap = 0.2 - 7, independent of wuyg.

Since this coherent phase shift is known, it can be taken into account in future gate
operations. If desired, it could also be reversed for this specific qubit by an appropriate
microwave pulse with opposite detuning.

2.4.2 Optical Bloch equations with damping

Our following investigations show that the relevant timescales for the decoherence of our
quantum register are set by dephasing mechanisms which cause the register qubits to lose
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their known phase relation. For a formal description of spin relaxation and dephasing
within the Bloch vector model, damping terms are added to the optical Bloch equations
for an ensemble of atoms [51]:

15
(W) = —5<u>+QR<w>—% (2.15)
) = O foy - L0

where (...) denotes the ensemble average. The population w decays to a stationary value
wg at the rate 77, which is called longitudinal relaxation time. The transverse dephasing
time 75 can be divided into two different contributions:

1 1 1

— =+ —. 2.16
T2 T2/ + T2>k ( )

The homogeneous decay time Ty’ governs the dephasing due to incoherent interactions that
affect all atoms in the same way. The inhomogeneous dephasing time T measures the
transverse lifetime due to inhomogeneous effects which assign each atom its own individual
resonance frequency and cause macroscopic polarization damping of the ensemble. We
will see in the following sections that there is an essential difference between these two
types of dephasing. While inhomogeneous dephasing is usually reversible by spin echo
pulses, homogeneous dephasing, e. g. due to random magnetic field fluctuations, cannot
be reversed.

2.4.3 Ramsey spectroscopy in a magnetic guiding field

In previous experiments we have extensively studied the dephasing mechanisms of the
magnetically insensitive | FF =4, mp =0) < |F =3, mp =0) transition of the cesium
atoms in our dipole trap [48]. However, the addressing scheme of the quantum register
presented in this thesis requires the use of magnetically sensitive Zeeman states in a mag-
netic field. Not surprisingly, the greater sensitivity of the qubits to their environment
shortens the dephasing times. For a detailed analysis of the limiting effects I first con-
sider the dephasing mechanisms of the atoms in a homogeneous guiding field By before
studying the coherence properties of the quantum register in the inhomogeneous magnetic
quadrupole field.

Ramsey spectroscopy, which was introduced in the context of magnetic resonance exper-
iments [77, 78], is the standard technique to study dephasing mechanisms. It measures
the total transverse dephasing time T, by free induction decay [79]. In the Bloch vector
picture, an atom prepared in state ug = (0,0,—1) is transferred to the uv plane by a
/2 pulse whose frequency w is slightly detuned with respect to the atomic frequency
wo, see Figure 2.14. After free precession at the frequency § = w — wgy during the time
Tr a second m/2 pulse rotates the Bloch vector around the uw axis. A projection mea-
surement onto the w axis reveals fringes at the frequency §. The frequency spread of an
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delay tr

Figure 2.14: Ramsey spectroscopy. A 7/2 pulse with a frequency detuning § from the
atomic resonance rotates the Bloch vector from w = —1 into the uv plane. After a delay
time 7R of free precession at the frequency d, the phase of the Bloch vector is measured
by application of a second 7/2 pulse and subsequent projection measurement onto the
w axis.

atomic ensemble Awy causes the Ramsey fringes to decay within T ~ 1/Awy. We will see
that T < Ty’ so that the total transverse dephasing time is governed by inhomogeneous
dephasing mechanisms, Th ~ T5.

Experimental parameters

The experimental sequence and the chosen parameters for this measurement are similar to
the recording of Rabi oscillations, see Section 1.6.4. Here, instead of varying the duration
of the microwave pulse, we record the final population in state | 1) as a function of the
delay 1 in between two 7 /2 pulses of ¢ /2 = 8 ps duration. The microwave frequency is
chosen to be off-resonant by /27 = 10 kHz which is small enough compared to the Rabi
frequency of Qr /27 = 30 kHz to reasonably remain in the limit of resonant pulses. The
applied magnetic guiding field is By = 2 G and the trap depth is 100 uK. The resulting
data are plotted in Figure 2.15.

Results — Inhomogeneous dephasing

The timescale for the decay of the Ramsey fringes in Figure 2.15 of roughly 300 us is
noticeably shorter than the dephasing time of 4.4 ms which was obtained for the magneti-
cally insensitive transition studied in the thesis of Stefan Kuhr [48]. There, the dominating
dephasing mechanism was identified to be the inhomogeneous broadening of the atomic
resonance frequency due to the energy dependent differential light shift of the individual
trapped atoms, see also Section 1.7.3. I will show in the following that the observed de-
phasing in Figure 2.15 is caused by the same mechanism. As the vectorial contribution to
the light shift of the outer Zeeman transition is much larger than the scalar contribution
(see Section 2.3.2), the dephasing times are correspondingly shorter. I therefore adopt the
model developed in the thesis of Stefan Kuhr [48] for our case.

Note, however, that this model is a simplified classical model, in which the atomic motion
in the trap is neglected. We recently learned that a full quantum mechanical treatment is
required, as done in Reference [80], in order to fully account for the observed dephasing.
A first estimate shows that the additional quantum mechanical effects are of the same
order of magnitude as the classical dephasing effects considered below [81]. We believe,
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Figure 2.15: Decay of Ramsey fringes due to inhomogeneous broadening of the atomic
resonance frequency. The data points show the measured population in state |1) as a
function of the time delay g between the two 7/2 pulses. Every data point is averaged
over 10 experimental runs with about 5 atoms each. The fit according to Equation (2.21)
reveals an inhomogeneous dephasing time of 7% = 270 £ 25 us.

though, that these quantum effects are completely reversible and do not affect the spin
echo analysis presented in Section 2.4.5. The full quantum mechanical treatment of the
dephasing mechanisms in our trap is subject to future investigations.

In the classical model, the distribution of the differential light shifts of the trapped atoms
is derived from their Boltzmann energy distribution. The shape of the Ramsey fringes

Winh(Tr) is the Fourier-Cosine transform of this light shift distribution [72], see Equa-
tion (1.34):

Winh (TR) = a(mR, T3) cos [0TR + K(TR, T3 )], (2.17)
with a time-dependent amplitude a(mgr,T5) and phase shift (g, 75 ):

o\ —3/2
a(m,T5) = (1 +0.95 <%> ) and k(mr, Ty ) = —3 arctan <0.97%> :
2 2

(2.18)
The inhomogeneous dephasing time 7% is defined as the 1/e—time of the amplitude
a(m, T5):

aT) et = Ty=+e23_15=0978, (2.19)
with the temperature-dependent coefficient
20Uy
=" 2.20
ﬁ kBT(Sls,max ( )

Again, dj5 max denotes the maximum differential light shift for an atom in the bottom of
the potential well. These relations hold as long as the atoms are cold enough to be in the



2.4 Coherence properties 73

harmonic region of the trap.

The data in Figure 2.15 are therefore fitted using the following function which is obtained
from Equations (2.17) and (2.19):

Pi(mr) = A-a(mr,Ty) cos [0mr + k(TR, T5) + @] + B. (2.21)

In addition to the amplitude A and offset B, a phase ¢ is introduced because the Bloch
vector also precesses during the application of the two /2 pulses while the model only
considers free precession during the time 7g. The resulting fit parameters are listed in
Table 2.4.

Fit results

fringe amplitude | A | 451+ 2.1 %

fringe offset B 466+ 1.0%
detuning §/2m | 125 £ 0.1 kHz
phase offset ©® 1.15 + 0.08 rad

dephasing time T5 270 £ 25 us

Table 2.4: Fit results for the Ramsey fringes of Figure 2.15.

From temperature measurements in the dipole trap we know that in a trap of depth
Up = 0.1 mK the temperature of the atoms is 7' = 22 + 6 uK [54]. Equations (2.19)
and (2.20) therefore allow us to infer the differential light shift dig max/27m = 5.2+ 1.4 kHz
from the measured dephasing time 735. This result is smaller than the spectroscopically
measured differential light of |[AEgig tot/h| = 8.5 &+ 0.5 kHz for Uy = 0.1 mK presented in
Section 2.3.2. This indicates that the actual trap depth for this measurement might have
been smaller than assumed, for example due to slight misalignment of the trapping laser
beams.

The measured detuning is slightly larger than the actually applied detuning of § = 10 kHz.
This is probably due to the fact that the Ramsey fringes were not acquired immediately
after the spectroscopic calibration of the atomic resonance frequency wg. The drifts of the
atomic resonance frequency of 1 kHz/h increased the detuning between the two measure-
ments.

The measured phase offset ¢ due to the Bloch vector precession during the two 7 /2 pulses
roughly confirms the pulse duration ¢/, = /20 = 7.3 £ 0.5 ps.

2.4.4 Spin echo spectroscopy in a magnetic guiding field

Inhomogeneous dephasing can be reversed by applying a m pulse between the two
7/2 pulses. The Bloch vectors dephase due to the slightly different precession frequencies
of different atoms. If the m pulse is applied at the time 7, after the first 7/2 pulse, they
will rephase at 27, see Figure 2.16. This phenomenon is referred to as a spin echo and
was first implemented in magnetic resonance experiments [82]. Nowadays, this technique
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Figure 2.16: Spin echo. The dephasing Bloch vectors are rephased by the application
of a 7 pulse between the two Ramsey 7/2 pulses.

has also been applied to atoms captured in dipole traps [17, 83].

To measure the homogeneous transverse dephasing time 75’ of the trapped atoms in the
magnetic offset field By we performed spin echo spectroscopy for various times 7. As
the contrast of the spin echo fringes decreases with increasing 7, we infer T5' from their
envelope.

Experimental parameters

The experimental parameters are identical to the ones used in the previous section. The
spin echos are recorded in a trap of depth Uy = 100 pK, in a magnetic guiding field of
2 G, and with a microwave detuning of §/27 = 10 kHz.

Results

The recorded spin echo signals are shown in Figure 2.17 (a). Each spin echo signal belongs
to a separate measurement with fixed 7. While the Ramsey fringes of Figure 2.15 decay
within T35 = 270 us, the spin echo contrast decreases on a longer timescale.

The shape of the spin echo signals is very similar to the Ramsey signal [17]. However, for
simplicity, I have neglected T4 in Equation (2.21) to yield the following fit function:

Pi(t)=—A-cos[6(t — 27) + ¢] + B. (2.22)

Here, the phase shift ¢ accounts for slow systematic phase drifts during the spin echo

sequence. The contrast is defined by:
C:Pmax_Pmin:é (223)

Pmax + Pmin B’ '
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Figure 2.17: (a) Spin echo fringes in a magnetic guiding field. While the Ramsey signal
decays quickly, the spin echo contrast decreases on a longer timescale. Every data point is
obtained from 5 experimental runs with about 9 atoms each. The lines are fits according
to Equation (2.22). (b) The spin echo contrast as a function of spin echo time 27, reveals
a homogeneous dephasing time of 75’ ~ 3.5 ms.

The result is shown in Figure 2.17 (b) where I plotted the contrast as a function of the
spin echo time 27,. In analogy to Ty, we define the homogeneous dephasing time 75 as
the 1/e—time of the contrast:

!

C(2m, =Ty') = C(0)e L. (2.24)

From the data points I estimate a homogeneous dephasing time of Ty’ ~ 3.5 ms.

2.4.5 Dephasing mechanisms in a magnetic guiding field

In the following I discuss the mechanisms that lead to the observed dephasing. So far, the
detuning ¢ has been treated as time independent resulting in a rephasing of the precessing
Bloch vectors at exactly 27,. However, a time-varying detuning 6(¢) results in a shift of
the spin echo signal if the difference of the accumulated phases A¢(7,) before and after



76 CH. 2: EXPERIMENTAL REALIZATION OF A NEUTRAL ATOM QUANTUM REGISTER

the rephasing 7 pulse does not vanish:

Ad(rs) = / " st — /0 Tt (2.25)

The time dependence of §(t) is caused by, e. g., magnetic field and intensity fluctuations.
Since the acquisition of a spin echo signal requires several repetitions of the experimental
sequence, A¢ (1) will be different every time resulting in a decrease of the fringe contrast.

We express the phase difference (2.25) as an average detuning difference Aé = A¢(7r)/7x
and assume its probability distribution to be Gaussian:

2
p(AS, ) = (49) ) (2.26)

1
ons(Tr) V2w P < 2075(71)?

with mean Ad = 0 and variance oas(7)2. The decay of the spin echo contrast C(7;) is given
by an integral similar to the Fourier-Cosine transform of the distribution of fluctuations
p(Ad, ) [48]:

C(1z) = Cy / —cos (Ad 7)) p(Ad, T) dAS. (2.27)
Performing the integration yields:
1 2 2
C(rr) = Co exp | =5 77 9a5(7x)” |- (2.28)

Magnetic field fluctuations

The observed homogeneous dephasing is most likely caused by magnetic field fluctuations
of the guiding field. At the time when we recorded the Ramsey and spin echo measurements
presented so far, we only possessed a noisier current supply (Elektro-Automatik, EA-PS
3016-10) to provide the guiding field along the trap axis. Since its relative current stability
of Ims/Io = 1073 was insufficient to measure spin echo fringes, we used a low-pass filter
with a time-constant of 10 ms to increase the magnetic field stability in the frequency range
above 100 Hz. This improvement allowed us to measure the spin echo fringes presented
in Figure 2.17. According to Equations (2.24) and (2.28) the decay of the contrast yields
a standard deviation for the average detuning difference of oas(7%') = 27 - 130 Hz, see
Table 2.5.

The minimum relative current stability inferred from this result is therefore:

Lims Bims ONAS (TQI) -5
= = =25-107". 2.29
Io By do (2:29)

Fluctuations of the magnetic field caused by other devices in the vicinity of the atom trap
remain to be investigated. Since the measured dephasing time already demonstrates that
the magnetic field fluctuations are smaller than B,y = 50 puG, it might be sensible to use
the high sensitivity of the qubit transition itself as a probe for measuring and improving
the magnetic field stability.



2.4 Coherence properties 7

Beam pointing instability of the dipole trap laser

In previous work [72] we investigated the pointing stability of the two dipole trap laser
beams. The fluctuating optical contrast of the standing wave due to beam pointing insta-
bilities was identified as the dominant mechanism for the homogeneous dephasing time of
Ty' = 68 ms of the magnetic field insensitive | ' =3,mp =0) < | F =4, mp = 0) transi-
tion.

The qubit transition investigated here is more sensitive to this effect due to non-vanishing
contributions of circular light polarizations, see Section 2.3.2. Taking also into account
the circular light shift, we expect a homogenous dephasing time of Tb" = 12 ms.

Intensity fluctuations

Similarly to the beam pointing instabilities, intensity fluctuations of the dipole trap laser
contribute to homogeneous dephasing. The resulting fluctuations of the trap depth cause
fluctuations of the differential light shift and thus of the detuning between the microwave
frequency and the atomic resonance frequency. Transferring the results from previous
investigations [48] to the present case, the expected homogeneous dephasing time due to
intensity fluctuations amounts to T’ = 23 ms.

Further dephasing mechanisms

Other dephasing mechanisms such as elastic collisions, heating, and fluctuations of the
microwave power and pulse duration have been investigated [48] and found to be several
orders of magnitude weaker than the dominating dephasing effects discussed above.

An additional source of dephasing is the time-dependent differential light shift due to the
oscillatory motion of the atoms in the trap. This effect is fully analyzed and discussed for
the case of the modulation of the atomic resonance frequency in the magnetic field gradient

Homogeneous Fluctuation
dephasing time | amplitude
o ons(Ty')
27
measured 3.5 ms 130 Hz
Dephasing mechanisms
magnetic field fluctuations | > 3.5 ms <130 Hz
beam pointing instability 12 ms 37 Hz
intensity fluctuations 23 ms 19 Hz

Table 2.5: Summary of the relevant irreversible dephasing mechanisms in a magnetic
guiding field.
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in Section 2.4.7. It causes a periodic decay and revival of the spin echo contrast at twice
the radial oscillation frequency of the trapped atoms. For the value of the differential light
shift dig max/2m = 8.5 kHz in a trap of Uy = 100 pK, as measured in Section 2.3.2, I would
expect a periodic decay of the contrast by 22 %. However, since this effect is not observed
in the measurement, I conclude that the differential light shift is dis max/27m = 5 kHz as
derived from the Ramsey fringes of Section 2.4.3 or even smaller. For these values, the
periodic reduction of the contrast amounts to less than 10 %.

Finally, population relaxation of the two ground states, characterized by the decay time
Ty, which is caused by scattering of photons from the dipole trap laser, was also measured
in our group [41]. In a trap of depth Uy = 100 uK the resulting population decay time
amounts to 71 = 86 s and is completely negligible in this context.

I have summarized the measured and the expected homogenous dephasing times for the
relevant dephasing mechanisms in Table 2.5, along with the fluctuation amplitude oas at
the respective time 7%’

2.4.6 Spin echo spectroscopy in a magnetic field gradient

After analysis of the dephasing mechanisms of trapped atoms in a homogeneous magnetic
guiding field, I now study the dephasing time in the inhomogeneous magnetic field gradi-
ent (2.1) because it determines the coherence time of the quantum register. Adding the
quadrupole field to the guiding field gives rise to additional dephasing mechanisms. The
coupling of external and internal degrees of freedom via the field gradient has the side effect
that position fluctuations of the atoms translate into fluctuations of the qubit frequency.
We will see in Section 2.4.7 that the radial oscillations of the atoms in the trap limit the
coherence time of the quantum register. On a longer timescale, axial position fluctuations
of the standing wave dipole trap constitute an additional dephasing mechanism.

A spin echo measurement of the quantum register is significantly more complicated and
time consuming than the presented measurements in a magnetic guiding field, because it
has to be performed on single atoms. After transfer from the MOT into the dipole trap,
the atoms are distributed along the trap axis over at least 20 — 30 pm. At the gradient
of B = —1.5 mG/pum, this corresponds to a frequency spread of up to 110 kHz which
is much larger than the Rabi frequency. Ramsey or spin echo spectroscopy on such an
atomic cloud will therefore fail. For this reason, we perform a spin echo measurement on
single atoms only, combining our addressing technique presented in Section 2.3.1 with the
spin echo technique demonstrated in Section 2.4.4.

Experimental sequence

A schematic overview of the experimental sequence is shown in Figure 2.18. We start by
loading atoms into the MOT. The loading time has been optimized such that the average
atom number is one. After transfer into the dipole trap we acquire an image of the atom
and determine its position and resonance frequency. The magnetic gradient field B(r),
see Equation (2.1), is switched on, with By =4 G and B’ = —1.5 mG/um. After lowering
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Figure 2.18: Experimental sequence for the spin echo measurement of the quantum
register. After transfer from the MOT into the dipole trap, we image the atom with the
ICCD. In the lowered trap, the atom is initialized by optical pumping and subjected to the

resonant spin echo pulse sequence. State-selective detection is performed by application
of the push-out laser and subsequent fluorescence detection in the MOT.

»

t

the trap depth to 100 pK and initializing the atom in state |0), we apply the first Ramsey
/2 pulse at t = ty. For simplicity, the pulse shape is rectangular, with a pulse duration
of t7/2 = 8 us. The microwave frequency is tuned in resonance with the atomic frequency,
6 = 0, as discussed below. At t =ty + 7, we apply the spin echo 7 pulse. Since complete
rephasing is expected at ¢t = ty + 27, we then apply the final 7/2 pulse and detect the
state of the atom by subjecting it to the push-out laser and by subsequently transferring
it into the MOT.

This sequence is repeated 100 times which takes a total acquisition time of five minutes.
We post-select all experimental runs with exactly one atom present so that the resulting
data point contains roughly 40 single atom events. The measurement of an entire spin
echo signal as demonstrated in Section 2.4.4 is impossible due to the drifts of the atomic
resonance frequency caused by the time-varying differential light shift over the long data
acquisition time. We therefore infer the spin echo contrast by simply measuring the
minimum P,,;, of the spin echo signal. Since the resonant transfer efficiency including all
experimental imperfections amounts to 1001L(5):(1) %, we set Ppax = 1 — Ppin. Thus, the
contrast is equal to:
Pmax - Pmin

o e 1—2Puin . (2.30)
Although the spin echo minimum is expected at t = tg + 27, homogeneous systematic
frequency drifts lead to a small shift of this minimum. This effect was also observed in the
spin echo signals recorded in the magnetic guiding field, see Figure 2.17, and was formally
accounted for by an additional phase shift ¢ in Equation (2.22). In order to measure
Ppin more precisely, we therefore acquire up to five data points around the minimum of
the echo signal at ¢t = tg + 27 £+ &, with € being varied in steps of 30 us. In order to
minimize the number of data points required to determine P, reasonably well, we apply
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Figure 2.19: Spin echo contrast of the quantum register. Each data point is obtained
from 40 single atom measurements of Ppi,. The contrast is calculated according to
Equation (2.30). The line is the result of the numerical calculation of Section 2.4.7
(Equation (2.42), Table 2.6).

a resonant pulse rather than a pulse which is detuned by §/27 = 10 kHz as done in the
previous sections. In the resonant case, the spin echo signal Pj(t) is the envelope of the
spin echo fringes obtained for § # 0. Finding the minimum of this envelope requires
less measurements than for the minimum of the spin echo fringes, which oscillate at the
frequency 9.

The entire procedure described so far serves to measure the spin echo contrast for one
fixed spin echo time 27, and takes roughly 30 min. Thus, the ten data points shown in
Figure 2.19 require a total data acquisition time of five hours.

2.4.7 Dephasing mechanisms in a magnetic field gradient

While the contrast is larger than 80 % for a spin echo time of up to 200 us, it drops to

only 30 % on a timescale of 600 us. In the following I analyze the underlying dephasing
mechanisms.

Radial oscillations of the trapped atoms

The limiting dephasing mechanism of our quantum register are the radial oscillations of
the trapped atoms which translate into oscillations of the qubit frequency via the magnetic
field gradient. The following calculation shows that these periodic fluctuations can only
partly be reversed by the spin echo pulse.

Let us first consider the modulus of the magnetic field (2.1):

B(r)| = \/(Bo+ Blo)? + B2 + 422). (2.31)
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Figure 2.20: Modulation of the atomic resonance frequency wg due to the radial oscilla-
tion (along z) of the atom in the dipole trap. If the trap is coaligned with the symmetry
plane of the magnetic field (zog¢ = 0), the amplitude of the frequency modulation is small
(case I). In the case of a misalignment (zog > 2¢), the modulation amplitude increases
(case II) and the modulation occurs at half the frequency of case I

Due to the large offset field By along z, (Bg+ B'x)? > B'Q(y2 +42%). A Taylor expansion
of | B(r)| yields:

B
|B(r)| ~ By + B'x + 55

- (y? + 42%). (2.32)

While the modulus of the magnetic field is linear along the trap axis (z), it has a quadratic
dependence in the y and z direction.

Let us now consider the radial oscillation (along the z direction) of an atom in the dipole
trap, with oscillation frequency 2;,q and amplitude zp. Since it is unlikely that the dipole
trap is perfectly aligned along the symmetry plane of the magnetic field, we introduce a
position offset z,g. The oscillation of the atom with an initial phase ¢g then reads:

Z(t) = Zoft + 20 Sin(Qradt + (PO) . (233)

This oscillation results in a modulation of the atomic resonance frequency (see Figure 2.20)
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according to Equation (2.32):

dw
w(t) = ZZIB(r) = wle.y) + (), (2.34)
dwo B'
dwo (393 —4ga)u MHz
and 1B " = 2m-2.45 G

The resulting difference of the accumulated phases A¢(7r, pg) before and after the spin
echo pulse then reads:

2Tx Tr
Ad(Tmr00) = / wo()dt! / wolt!)d!
Tr 0

1 QradTr
= 820 €o8(QradTr + o) sin’ <LdT> (2.35)
Qrad 2

X

Q,
[zoff + 20 8in(Qpad e + @o0) cos® <aTdTﬂ)]

In order to calculate the expected spin echo contrast following the lines of Section 2.4.5,
we have to infer from Equation (2.35) the probability distribution of the average detuning
difference Ad(7r) = A@(7r)/7x. For this purpose, we first calculate the corresponding
probability distribution pg(AJ, 7) for fixed atom energy E. Since pg(AJ)dAS = p(po)deo,
we obtain:

dipo(Ad)

pE(Ad, ) = p(¢o) —IAs (2.36)

Here, p(po) = 1/(27) is the homogeneous phase distribution. Since we have to compute
the inverse function pg(Ad), we consider two cases, see Fig. 2.20.

I) zop = 0: We neglect the position offset in Equation (2.35) and thus assume perfect
alignment of the dipole trap axis through the center of the magnetic field.

IT) zog > zo: We assume that the misalignment is considerable so that the resulting
position offset is generally larger than oscillation amplitude. In this case, we neglect the
last term “zgsin(...) cos?(...)” of Equation (2.35).

Case II: z,g > 29

Let us first consider case II as it turns out that it models the observed dephasing reasonably
well. Computation of Equation (2.36) yields:

1

VNN
8CZOZOH ) <Qrad7'7r )
S B

QradTr

pE,(AS, 7r) |AS| < Ad, (2.37)

with Ady =

(2.38)
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Figure 2.21: a) The average detuning difference A is shown as a function of the
initial phase g, according to Equation (2.35) and case II, see text. b) Corresponding
probability distribution pg 11(Ad) according to Equation (2.37).

Both Ad(pp) and its corresponding probability distribution pg 11(Ad) are shown in Fig-
ure 2.21.

The oscillation amplitude of the atom depends on its energy E. Restricting ourselves to the
harmonic bottom of the potential well, so that z3 = 2E/mQ?2 ,, we integrate pg 1(Ad, 7,)
over the energy with the one-dimensional Maxwell-Boltzmann distribution

pB(E) = k}g% exp <_/<:B£T> (2.39)

as a weighting factor. The resulting distribution py(Ad, 7) is Gaussian:
(0.9}
pu(Ad, 1) = / pE11(AS, 77)pB(E)dE
0

1 A§?

\/2770’2A(5 205

kgT 8CZoff ) QradTr
=4/ — e I 2.41
ons =1/ — Q?adﬂr sin 5 ( )

We finally obtain the spin echo contrast by computing the integral of Equation (2.27):

with

2 2
Cii(7r) = exp (——T“UM> : (2.42)

Revivals of the spin echo contrast

Although the resulting contrast looks Gaussian, it is periodic in 7, due to the periodicity
of oas. Whether or not the spin echo pulse rephases the Bloch vectors therefore depends
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on 7. If 7; equals an integer multiple of the period of the frequency modulation 27n/Q; .4,
perfect rephasing should be possible.

radial oscillation frequency | Q;aq/27 | 1.45 kHz

lateral position offset Zoff 15 pm

atom temperature T 50 pK

Table 2.6: Parameters of the contrast as inserted into Equations (2.41) and (2.42).

Assuming the parameters of Table 2.6, our model yields a contrast (solid line in Fig-
ure 2.19) which matches the measured data fairly well. Within the error bars the radial
oscillation frequency §2,,q corresponds to the frequency measured in Section 1.2, taking
into account the lowered trap depth of Uy = 100 K. The assumed value for the lateral po-
sition offset z.g is taken from the observation that the MOT is usually displaced by 15 pym
from the center of the magnetic quadrupole field along the x axis, which is measured as
presented in Section 2.2. It seems possible that such a displacement is also present along
the z axis, but we cannot directly measure it. Furthermore, we observed that the lateral
misalignment of the dipole trap laser beams with respect to the MOT position can be as
large as 10 pgm. The assumed atom temperature is rather high but still within the daily
fluctuations of our experiment.

Although the magnetic field gradient in axial direction is much larger than in radial di-
rection considered here, it does not significantly contribute to the observed dephasing
because due to the high axial oscillation frequency, the phase difference A¢(7,,po) of
Equation (2.35) is always much smaller than 27.

Since our model agrees well with the measured data it would be desirable to confirm the
predicted revival of the spin echo contrast experimentally. Due to the considerable data
acquisition time we have not yet pursued such a measurement. It seems to be more sensible
to eliminate the observed dephasing mechanism before carrying out a second spin echo
measurement with single atoms.

Similar revivals of the spin echo contrast have been observed in atom-optics billiards in
the group of N. Davidson [80, 83]. In their system, dephasing is caused by the differential
light shift induced by the near-resonant trapping lasers which form a “stadium” — an
anharmonic dipole trap made by two laser beams which intersect at an angle. Partial
revivals occur at timescales corresponding to the average collision time of the trapped
atoms with the stadium walls, in analogy to the oscillation period in our trap.

Possible improvements

A possible way of decreasing the influence of the magnetic field gradient on the dephas-
ing due to radial oscillations would be the alignment of the dipole trap axis along the
z direction of the magnetic quadrupole field. The Taylor expansion of the magnetic field
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modulus given in Equation (2.31) would then read:

2
|B(r)| = By + 2B’z + B—(a;2 + 7). (2.43)

2By
The quadratic dependence along the new radial direction (z,y) is thus reduced by a factor
of four, cf. Equation (2.32). In addition, the gradient B’ can be reduced by a factor of two
to obtain the same gradient as before, which decreases the radial sensitivity by another
factor of four. Thus, the lateral magnetic field dependence is reduced by a factor of 16.
Further ways of increasing the coherence time of our quantum register include an increase
of the magnetic guiding field By and a reduction of the radial oscillation amplitude by

further cooling of the atoms.

Case I: z.;6 =0

Let us finally come back to case I of our model which considers oscillation of the atom about
the symmetry plane of the magnetic field, with z,g = 0. Following the same calculations
demonstrated above, it yields the contrast:

. 2
Ci(rr) = [1 + <2€kBT sin? (QradTﬂ')> ] (2.44)

=

3
mQrad

This function is also periodic, with half the period as Cri(7;). However, the reduction
of the contrast amounts to less than 2 %. This effect does therefore not significantly
contribute to the observed dephasing.

Axial position fluctuations of the dipole trap

There is a further dephasing mechanism which is peculiar to the magnetic field gradient.
Optical phase fluctuations of the standing wave interference pattern translate into axial
position fluctuations of the dipole trap. They cause a corresponding fluctuation of the
atomic resonance frequency due to the linear magnetic field gradient along the trap axis.

In order to investigate this effect we interferometrically measure the optical phase fluc-
tuations between the two trapping laser beams. The experimental setup is depicted in
Figure 2.22 (a). The two trapping beams are overlapped on a beam splitter and focussed
onto a photo diode. The two AOMs are set to slightly different frequencies causing the
frequencies of the two beams to differ by 1.2 MHz. Using a lock-in amplifier, we thus
measure the optical phase difference between the two trapping beams.

The resulting data traces show the optical phase difference between the two beams as
a function of time. In order to receive a measure for the phase fluctuations in different
frequency bands, we compute the Allan deviation defined as [84]:

oar) = | & Erbrn el (2.49

2 )
k=1
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Figure 2.22: Measurement of axial position fluctuations of the dipole trap. (a) Exper-
imental setup. The relative optical phase between the two trapping beams is measured
interferometrically. (b) The Allan deviation of the phase fluctuations, calculated from
the resulting data traces according to Equation (2.45), is plotted versus the averaging
time on a logarithmic scale. (¢) The expected spin echo contrast is shown as a function
of the spin echo time according to Equations (2.28) and (2.46).
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where 7, denotes the average of the relative phase over the k-th time interval 7. The
result is shown in Figure 2.22 (b) as a function of the averaging time 7. For small averaging
times 7 < 0.01 s, acoustic vibrations of the mirrors, which steer the trapping laser beams,
probably cause the optical phase fluctuations in a frequency band of 100 Hz — 10 kHz.
For larger averaging times, air flows across the optical table cause thermal changes of the
optical path lengths and are most likely responsible for the observed phase fluctuations.

The Allan deviation of the phase fluctuations translates into fluctuations of the detuning
OAS-

OA (7—) A /
oas(T) = V2 260" 29" (2.46)
The factor of /2 arises because oas(7) is the standard deviation of the difference of two
detunings with standard deviation oa each. The expected decay of the spin echo contrast
according to Equation (2.28) is plotted in Figure 2.22 (c) as a function of the spin echo time
27:. The expected homogeneous dephasing time obtained from this graph is Ty’ = 21 ms.
This time is more than one order of magnitude larger than the dephasing time due to
the radial oscillations of the trapped atoms and can therefore be neglected at the current
stage of our experiment.

2.4.8 Discussion

All relevant dephasing times are summarized in Table 2.7.

Dephasing and relaxation times limited by

*

inhomogeneous dephasing time T5 | 270 & 25 pus | energy dependent light shift
in the guiding field By =2 G distribution of the atoms

homogeneous dephasing time Ty | 3.5 ms magnetic field fluctuations
in the guiding field By =2 G

~

dephasing time in the magnetic Ts 600 us radial oscillation of the atoms
field gradient B’ = —1.5 mG/um in the magnetic field gradient
population relaxation time T 86 s scattering of photons

from the dipole trap laser

Table 2.7: Overview of the dephasing and relaxation times in a dipole trap of Uy =
100 pK.

The coherence time of our quantum register is limited by dephasing due to the radial os-
cillations of the atoms in the magnetic field gradient. This dephasing mechanism is caused
by an inhomogeneous broadening of the atomic resonance frequency which is reversible
by a spin echo pulse only for certain periodic delay times. Therefore, the corresponding
dephasing time should not be associated with the standard 7% or T times. I have instead
labelled this time by 7b.
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If this dephasing mechanism can be eliminated following the suggestions listed in Sec-
tion 2.4.7, the coherence time of the quantum register will be limited by dephasing within
the guiding field. The temperature distribution of the trapped atoms along with the con-
tribution of the circular polarization to the differential light shift results in inhomogeneous
dephasing denoted by T;. However, this effect can be reversed by a spin echo pulse. The
dominant homogeneous and irreversible dephasing (7%’) is most likely caused by magnetic
field fluctuations.

In addition to decreasing or even eliminating the identified decoherence mechanisms, a
possible way of increasing the coherence time of the quantum register is the transfer of
the atoms to decoherence-free states between addressing operations. As one example,
the population of the qubit state | 1) corresponding to state | F' = 3, mp = —3) could be
buffered in the ancilla state | F' =4, mp = —3) by coherent population transfer at the
respective resonance frequency. In this case, all fluctuations relating to magnetic field
and circular light shift sensitivity are suppressed by a factor of 7. Experimentally more
complicated but more effective, a coherent adiabatic transfer of the qubit states onto the
magnetically insensitive mp = 0 states between computational operations of the quantum
register would suppress all fluctuations by two orders of magnitude.

Despite the numerous possibilities to extend the coherence time of the quantum register,
the currently limiting timescale of T5 = 600 us is still two orders of magnitude larger
than the measured one-qubit gate operation time of the Hadamard gate (8 us) and the
expected two-qubit entanglement times (900 ns — 14 us), see Appendix B. It should thus
be possible to perform many computational steps on the quantum register even within its
current coherence time.
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Conclusion and outlook

I have presented the realization of a neutral atom quantum register which constitutes an
essential building block of a quantum computer. This is a significant achievement on the
route to quantum computing with neutral atomic particles. It fulfils all but one of the
five criteria for building a quantum computer by DiVincenzo [26]: (1) a scalable physical
system with well characterized qubits, (2) the ability to initialize the state of the qubits
to a simple fiducial state, (3) coherence times that are significantly longer than the gate
operation times, (4) a universal set of quantum gates, and (5) a qubit specific measurement
capability.

(1) The quantum register consists of a string of an exactly known number of single atoms
each of which is confined in the potential well of a standing wave optical dipole trap. The
trap provides sub-micrometer localization and the possibility to transport the atoms along
the trap axis. Molasses illumination in the dipole trap allows us to cool and continuously
image the trapped atoms. The quantum information is encoded in the hyperfine ground
states of the atom qubits. While the experiments described in this thesis have been
performed with up to five qubits, the quantum register should be scalable to larger qubit
numbers, see Section 2.3.5.

(2) and (5) State initialization and detection of the quantum register are performed by
optical pumping and the application of a state-selective push-out laser, respectively. While
the preparation and detection of the internal atomic states are performed with efficiencies
compatible with 100 %, the control of motional states remains to be implemented. A
possible way of preparing the oscillatory ground state of a trapped atom are Raman
cooling techniques [85, 86, 87] which we have started to explore [64].

(3) Detailed analysis of the coherence properties of the quantum register reveals coherence
times of 600 us. They are limited by dephasing due to the radial oscillations of the trapped
atoms within the inhomogeneous magnetic field. Yet, they are two orders of magnitude
larger than the demonstrated one-qubit gate operation times.

(4) While we have not yet realized a universal set of quantum gates, I have demonstrated
reliable operation of one-qubit gates in this thesis. The application of a magnetic field
gradient along the trap axis allows us to spectroscopically resolve the trapped atoms

89
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and to perform selective coherent one-qubit operations on the quantum register. With
an addressing resolution of 2.5 um quantum information is thus written onto individual
qubits. The demonstrated individual addressing of trapped neutral atoms constitutes a
crucial step on the route to quantum computation with neutral atoms and is considered
one of seven “trophies” in the neutral atom quantum computing road map [27].

The demonstration of a two-qubit quantum gate is essential to fulfil criterion (4). We
have therefore designed our experimental setup to be compatible with the requirements
to implement this next logical step — the realization of a two-qubit quantum logic gate via
the exchange of photons between two atoms.

3.1 A cavity-QED quantum gate with neutral atoms

There is a plenitude of proposals of how to implement a two-qubit quantum gate with
neutral atoms which suggest the coherent photon exchange of two atoms inside a high-
finesse optical resonator [20, 88, 89, 90]. The experimental challenges for their realization
are quite demanding. Although there has been a number of successes in optical cavity-
QED research recently, including the transport of atoms into a cavity [91], trapping of
single atoms inside a cavity [92], single photon generation [93, 94|, feedback control of
the atomic motion in a cavity [95, 96], and cooling of atoms inside a cavity [97, 98], the
realization of a two-qubit quantum gate remains to be shown.

3.1.1 An optical high-finesse resonator for storing photons

Our goal is the deterministic placement of two atoms inside an optical high-finesse res-
onator. For this purpose, we have already set up and stabilized a suitable resonator [54],
a photo of which is shown in Figure 3.1 (a), whereas the schematic in Figure 3.1 (b) illus-
trates the planned geometry. We plan to transport atoms from the MOT, which is a few
millimeters away from the cavity, into the cavity mode using our optical conveyor belt.

Employing the imaging techniques and the image analysis presented in this thesis, we
were recently able to control the position of the trapped atoms along the trap axis with a
precision of 300 nm [58]. This should allow us to reliably place the atoms into the center
of the cavity mode, which has a diameter of 10 gm. Since the demonstrated one-qubit
operations on the quantum register do not require optical access to the trapped atoms,
they can even take place inside the cavity.

3.1.2 A four-photon entanglement scheme

One of the most promising schemes to create entanglement between two atoms was pro-
posed by L. You et al. [99] and is the basis for the realization of a quantum phase gate [89].
It relies on the coherent energy exchange between two atoms stimulated by a four-photon
Raman process involving the cavity mode and an auxiliary laser field. I have determined
optimized theoretical parameters and calculated the expected fidelity according to this
proposal for our particular experimental conditions, see Appendix B. With a maximum
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cavity mode

| ——
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Figure 3.1: a) Picture of the high-finesse resonator which is set up in our laboratory. b)
Planned experimental geometry for the deterministic transport of atoms from the MOT
inside the cavity mode using our optical conveyor belt.

fidelity of F' = 85 %, which can be expected from this calculation, the demonstration of
entanglement and the implementation of a quantum gate seems feasible with our experi-
mental apparatus.
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Figure 3.2: Single atom sorting with a vertical conveyor belt. a) Working principle. A
selected atom is pulled out of the string of atoms, so that the horizontal conveyor belt
can shift the relative position of the other atoms before the selected atom is placed back
into the quantum register. b) First pictures of a single atom being transported up and
down using the vertical conveyor belt.

3.2 Single atom sorting

In addition to the five DiVincenzo criteria for building a quantum computer, further
requirements need to be fulfilled for fault tolerant computation. One of them demands
that gates should act on any pair of qubits [100]. However, for the realization of a quantum
gate by photon exchange, it is essential to simultaneously couple the two involved atoms
to the same cavity mode. A two-qubit operation on an arbitrary pair of qubits of the
quantum register therefore requires that these two atoms are placed next to each other,
at a distance which is smaller than the diameter of the cavity mode.

In analogy to the proposed architecture for a large-scale ion trap quantum computer [101],
our current efforts are directed towards the implementation of a “single atom sorting
machine”. It should permit to sort the qubits of the quantum register in any desired order
so that arbitrary pairs of qubits can be placed into the cavity mode. For this purpose,
we have set up a second optical conveyor belt, oriented perpendicularly to the current
dipole trap. It is designed to pull out a selected atom from the trapped atom string, see
Figure 3.2 (a). Subsequent shifting of the quantum register with the horizontal conveyor
belt moves all other atoms relative to the selected one. Finally, this atom shall be placed
back into the quantum register, at the desired position. Figure 3.2 (b) demonstrates the
first operation of the vertical conveyor belt, where a single atom is transported up and
down over a few tens of micrometers.

As a further application, such a sorting device could create an atom string with equidistant
spacing. This would overcome the current limitation to the size of the quantum register,
where the atoms are loaded into random lattice sites, see also Section 2.3.5.

The focussing optics of this vertical dipole trap are designed such that the waist of the
trapping laser beam is wg = 7 pm. The radial extent of the thermally distributed atom in
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the trap is then o,,q = 1 pm so that the controlled placement of an atom into a desired
potential well of the horizontal dipole trap might be possible. If this is accomplished,
experiments studying collisional properties of two atoms trapped in the same potential
well seem to be feasible.

3.3 A single-atom interferometer

An alternative route to produce entanglement could be offered by the implementation of
a single atom interferometer. Here, the wavefunction of a single atom is coherently split
and delocalized using spin-dependent trapping potentials [102]. At a certain wavelength
between the D1 and the D2 transition (for cesium: A = 867.5 nm), the scalar and vectorial
light shift interact such that one qubit state |0) is only trapped in a ot —polarized trap
while the other state |1) is only sensitive to a trap of opposite polarization c~. The
polarization of the light field of two counter-propagating linearly polarized beams can be
decomposed into a standing wave light field of purely o+ polarization and one of purely
o~ polarization. When the angle between the linear polarization vectors of these two
trapping laser beams is rotated, the o and o~ components of the standing wave are shifted
into opposite directions and thus the direction in which a trapped atom is transported
depends on its spin state. In case it is prepared in a superposition state (|0) + |1))/v/2,
the wavefunction of the atom is coherently split. After application of a phase shift to
one part of the wavefunction, subsequent merging of the wavefunction and application of
a second 7/2 pulse will lead to the observation of interference fringes. While a similar
experiment has already been demonstrated with a large ensemble of atoms [18, 103], it
remains to be shown with a single atom or with a few individually addressable atom qubits.

While this demonstration would be an impressive experiment per se, it might lead to
further applications. As one example, the wavefunctions of two distant atoms could be
brought into partial overlap depending on their spin states. The resulting spin-dependent
collisional phase shift of the two wavefunctions could be used to implement a quantum
phase gate and to produce entanglement between the two atoms [104]. In this context, it
is essential to exactly know the distance of the two atoms so that the transport distance
can be chosen such that their wavefunctions overlap maximally. Recent investigations
have proven that we can determine the relative distance between two trapped atoms with
a precision of better than 300 nm [58]. Since this precision exceeds the spacing of the
potential wells of 532 nm, we know exactly by how many potential wells two atoms are
separated.
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Appendix A

Light shifts in multi-level atoms

I present a calculation for the light shifts of atomic levels due to the interaction of an atom
with an off-resonant laser. From the general calculation I derive approximate formulas for
the ground states of cesium.

A perturbative description of the interaction of the classical field E(t) = Eg coswt with a
multi-level atom yields the light shift AE; of the atomic level |i) with an eigenenergy of
E; and quantum numbers n, J, F, m [105]:

1 1 - 2
AB=-; 3 m‘<nJ1Fm|d-E\n’J’IF’m’>

[
n,J ,F',m

(A1)

The sum covers all states | f) with quantum numbers »’, J', F',m’ and energies Ef # E;,
and d is the atomic dipole operator. The effective detuning A’;; is defined as:

. ! + ! (A.2)
hA/if T h(UJif — w) h(wif + w) ’ )
where wi = (Ef — F;)/h is the transition frequency between levels | i) and | f).
After expanding the interaction Hamiltonian H = — d- E into spherical tensors we apply

the Wigner-Eckart theorem [106] to eliminate the m dependence in Equation (A.1):

1 1 2 F 1 F' ? 17T I |2
AE; =—= Y hA,inyo\ < o n ) ((nJIF||d||n'J'TF"|*.  (A.3)
n/,J/,F,,m/
The 3-J symbol now contains the coupling strength between different m levels which
depends on the polarization of the light field, 4 = 41 « o* -pol., u = 0 < 7 -pol. The
dipole matrix elements are further reduced by extracting the hyperfine coupling [107]:

J F I

o fwatidie s,

(A4)

(nJIF||d||n'JIF") = \/(2F+ 1)(2F + 1)(_1)J+I+F’+1 {
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Figure A.1: Light shift of the Zeeman multiplicity of the two ground states and the
F’ = 5 — excited state of the D2 transition for pure 7 (a) and pure o¥ polarization
(b) of the electro-magnetic field. The maximum splitting of the Zeeman levels due to
the tensorial contribution to the light shift of the excited state is denoted by 2ws. The
dotted lines show the unperturbed states. For illustration, the energy scale is interrupted
twice.

where the curly brackets {} denote a 6-J symbol. After the elimination of both m and
F dependence, the remaining dipole matrix elements are expressed as a function of the
oscillator strengths fir for the transitions nJ — n’J":
fi 2me  wir
1

T 3he22J + 1

which have been calculated and measured for many elements. (For cesium, see refer-
ence [108].) Putting together equations (A.3), (A.4), and (A.5), we receive a universal
expression for the light shift of level |7 ) which only depends on its quantum numbers, the
polarization of the light, and the respective oscillator strengths and transition frequencies
to the other levels:

[(nJ ||| ") |* (A.5)

3e’l
AE(n,J,Fym, ) = —472660 (2 + 1)(2F + 1) (A.6)
fe (F 1 FN(J F 1)
/
2 AT S o ) L P01
n/,J/,F/,m/

In our case of cesium atoms interacting with a far red-detuned light field, only the first
excited states 6Py /o and 635 (see Figure 1.4) significantly contribute to the light shift of
the 65/, ground state. Their oscillator strengths amount to 1/3 and 2/3, respectively, so
that Equation (A.6) yields the following two equations for 7 and o polarization:

e? 2 N 1
12meen w330 wipA1)0

AE(r) = — (1), (A.7)
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Here, the Landé factors g4 = —g3 = 1/4 have been introduced. The relation

1 1 1
_ A9
A/J/ wr, +wy +wL—wJ/ ( )

defines the effective detuning A’y of the dipole trap laser from the %Py state. While the
light shift for = polarization does not depend on the mp sublevels (see Figure A.1 (a)),
this degeneracy is lifted in the case of a circularly polarized light field (see Figure A.1 (b)).
This effect is analogous to the Zeeman shift of the atomic levels in a magnetic field.

In the case of a perfectly linearly polarized dipole trap, Equation (A.7) yields the dipole
potential:

L I(r) T
U(r)=AE = ——" A.10
(1) = AE(r) = T (A.10)
using the approximation wp = w33 = wy /3. The effective laser detuning
1 1 2 1
=5l t-— A1l
723wt ) (A1)

takes into account both contributions from the D1 and the D2 lines. This result agrees
well with the classically calculated dipole potential of Equation (1.7).

For the calculation of the light shift of the excited states, the simplifying assumptions
for the ground states do not hold. First, their coupling both to the ground states and to
higher excited states have to be considered. In addition, for states with angular momentum
J > 1/2, Equation (A.6) yields a quadratic mp-sublevel dependence, independent of the
polarization of the field:

AE(J > 1/2) = age + Qyecp + genm, (A.12)

where aige, avec, and aien denote the scalar, vectorial, and tensorial contributions to the
overall light shift. Again, if the electro-magnetic field is purely 7 polarized, the vectorial
term vanishes, ayec = 0. In our case, the quadratic term in Equation (A.12) causes a split-
ting of the excited 6P/, state which results in an effective broadening of the D2 transition
by 2w (see Figure A.1 (a)). For F/ =5 and 7 polarization, 2wjs amounts to 75 % of the
ground state light shift AFE, for unpolarized atoms.
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Appendix B

An entanglement scheme for two
atoms in a cavity

The ability to create entanglement between two atoms demonstrates that the experimental
control of their interaction is sufficient to also implement two-qubit quantum gates. Here,
I sketch an entanglement scheme presented in Reference [99], which relies on the coherent
energy exchange between two atoms coupled to the same mode of a high-finesse cavity,
and determine optimized theoretical parameters for our particular experimental system.

B.1 Hamiltonian of a coupled atom-atom-cavity system

I consider two three-state atoms A and B with two ground state levels [4) 5 and |a) 4/,
and an excited state | e) 4 /B> with energies E;, E,, and E., respectively, see Figure B.1 (a).
The ground state of the cavity is labelled |0)., corresponding to an empty cavity, and
its first excited state |1),, with exactly one photon populating the cavity. All higher
excited cavity states are neglected. In addition to the cavity field, an auxiliary laser field
is required which can be shined in along the dipole trap axis, see Figure B.1 (b). Its
frequency wy, is off-resonant with respect to the |i) <> | e) transition, with a detuning of
A = wy, — (Ee. — E;)/h. The coupling strength of the laser beam to the atoms A and B is
denoted by the resonant Rabi frequencies 24 and g, respectively. The cavity mode with
a resonance frequency we couples the states | e) and | a). The coherent coupling strength
g between an atom and a one-photon cavity field is equal to [109]:

d2w0
=/ . B.1
g 2hegV (B.1)

Here, d = (el|er|a) is the electric dipole moment of the atom, V' is the volume of the
cavity mode, and wy is the atomic resonance frequency. The auxiliary laser and the cavity
field couple the two ground states |i) and |a) via a two-photon Raman transition, with
a Raman detuning of § = wy, —we — (E, — E;) /.

99
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Figure B.1: Four-photon Raman resonance between two atoms and a cavity mode. a)
Level scheme of both atoms and the cavity. b) Scheme of the experimental geometry.
Two trapped atoms are placed inside the cavity mode (coupling constant g) and are
illuminated by an auxiliary laser (coupling constant €2). I' denotes the spontaneous
emission rate and x the cavity decay rate. c) Relevant dressed states of the atom-
atom-cavity system. The two states |a,i,0) and |4,a,0) are resonantly coupled by a
four-photon Raman transition.

In the interaction picture, the Hamiltonian reads [99]:

ﬁatom = hA Z |6>M<e|ﬂ (B2)
n=A,B
Heavity = hoéle (B.3)
= 1. . o
Hine = Z §thH|e>u<2|M+zhguc|e>u<a|u—|—h.c. (B.4)
n=A,B
ﬁ = ﬁatom + ﬁcavity + ﬁint . (B5)

Here ¢ and ¢ are the photon creation and annihilation operators. The relevant dressed
states of this atom-atom-cavity system are depicted in Figure B.1 (c). The states
la)41i)p|0)c :=|a,i,0) and |i,a,0) are resonantly coupled by a four-photon Raman
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transition. Its effective four-photon Rabi frequency in the far off-resonant limit |A| > Q,,
|6] > gy, and [6A| > gﬁ, reads:

Qe — NaQpgags
°of T TTOA2S

If the system is initially prepared in state | a,i,0), a /2 pulse coherently rotates it into
the Bell state

(B.6)

a,t)+1i|t,a
Ugen = % ; (B.7)

where the two atoms are maximally entangled.

B.2 Master equation approach to model dissipation

As soon as there is an excitation in the system, it is subject to dissipation, which destroys
the coherence. If an atom is in the excited state, it spontaneously decays to the ground
states at the rate I', see Figure B.1 (b) and (c). The excited cavity state | 1) decays to
the cavity ground state |0). at the rate s, which includes all loss mechanisms such as
cavity transmission through one of the mirrors, absorption, diffraction etc. Dissipation is
formally introduced by the collapse operator [109, 110]:

6:M§B£<|a)u<eM+|i>u<e|u>+\/ﬁé. (B.8)

The time evolution of the system is then described by the master equation [109, 111, 112]:

dp
—=Lp B.9
o = LD (B.9)
with the density operator p and the Liouvillian £, which is defined as:
U FPSSRPSPUE PO BPUP
Lp= —%[H,p] +CpC" - SC1Cp— 5pC1C. (B.10)

B.3 Numerical calculation for our system parameters

The solution of Equation (B.9),
p(t) = e“'py (B.11)

with a given initial condition py = p(0), is computed numerically using the Quantum Op-
tics Toolbox [110] under Matlab, which provides a number of numerical routines specifically
designed to tackle typical problems in quantum optics.

For the calculation I assume that the Rabi frequency due to the auxiliary laser = Q4 =
Qp as well as the single photon coherent coupling rate ¢ = g4 = gp are equal for both
atoms. Initially, the system is prepared in state |a,,0) so that the density operator at
t = 0 is equal to:

po=1a,i,0){(a,i,0] . (B.12)
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Figure B.2: Calculated time evolution of the four-photon Rabi oscillation. The states
|a,i,0) and |4, a,0) coherently exchange energy at the Rabi frequency Qeg. (a) Without
dissipation, I' = x = 0. (b) With dissipation. A list of all parameters can be found in
Table B.1.

Neglecting dissipation, I' = k = 0, the resulting populations in the states | a,7,0) and
‘ iv a7 0 >7

Poio = Tr{la,i,0)(a,i,0[p(t)} (B.13)
-Pi,a,() = Tr{’iacL?O) <17a70|ﬁ(t)}7 (B14)

are plotted as a function of time in Figure B.2 (a), for the parameters given in Table B.1.
The graph shows the resulting coherent energy exchange between the two atoms at the
effective Rabi frequency Qg /27 = 18 kHz.

The figure of merit which quantifies how well the system has actually evolved to the desired
Bell state Wggy, is the fidelity F. It is defined as the overlap integral between Wy and
the system state after a quarter Rabi period T /o

F= < UBel | ,/O\atom(Tw/Q) | UBell > ) (B'15)

where

Puom(t) = Trc (5()) (B.16)

is the density operator traced over the cavity states. The partial trace is performed because
we are only interested in the atomic states and disregard the cavity states. In the ideal case
of no dissipation, F' = 1 showing that the system has evolved to the maximally entangled
Bell state. However, dissipation crucially governs the dynamics of the system and causes
the fidelity to be smaller than one. If the fidelity is as low as F' = 0.5, the system state
corresponds to a statistical mixture of the states |a,a), |4,i), |a,i), and |i,a). In general,
successful creation of entanglement and implementation of quantum gates is only possible
in the strong coupling regime, where the rate of coherent energy exchange between atom
and cavity field is significantly larger than the dissipation rates. This condition is usually
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summarized in the strong coupling parameter [99]:

92
o> 1. B.17
T = (B.17)

Cavity parameters

Maximization of the strong coupling parameter is an essential condition to achieve high
fidelities. In order to achieve a large g, the cavity mode volume V must be small according
to Equation (B.1). The mode volume of our cavity:

™

4

A [LR
Luwi ==L -

V= 4 2

(B.18)
is therefore minimized by choosing the cavity length L as small as possible. Its current
length of L = 92 pm is limited by the condition that the focussed dipole trap laser still
needs to fit in between the two mirrors without scattering too much light. In Equa-
tion (B.18), wy = 13 pum denotes the waist of the cavity mode, A = 852 nm is its wave-
length, and R, = 1 cm is the curvature of the cavity mirrors. Our cavity is set up in the
Fabry-Perot regime, with L < R., where Equation (B.18) is a valid approximation.

Since the cavity decay rate x should be as small as possible to fulfil the strong coupling
condition (B.17), the mirror reflectivity and thus the finesse F of the cavity must be very
high. While the finesse of the current cavity was measured to be F = 1.2 - 10°, yielding
a strong coupling parameter of g2/(kI') = 22, the company Research Electro-Optics in
Boulder — in cooperation with us — has recently managed to manufacture mirrors with a
reflectivity corresponding to a cavity finesse as high as F = 1.0 - 10%. As

K c 1
or =31 F (B.19)
the cavity decay rate is reduced by an order of magnitude and is equal to x/27 = 1.6 MHz.
However, the excellent mirror quality was only achieved at the expense of a larger radius
of curvature of R, = 5 cm. Putting together Equations (B.1) and (B.18), the expected
single photon coherent coupling rate is g/2m = 27 MHz, see Table B.1, yielding a strong
coupling parameter of ¢g2/(xI') = 91.

Expected fidelity of the entanglement scheme

In addition to maximizing the strong coupling parameter, the other free parameters of the
entanglement scheme have to be chosen properly in order to achieve a high fidelity F. To
minimize dissipation, it is essential to avoid off-resonant excitation of the excited atomic
and cavity states. I have therefore chosen the detunings such that A > I'" and 6 > k.
Also, the intensity of the auxiliary laser should be chosen such that A > Q > I'. Tterative
fine-tuning of all parameters for maximum F' yields the parameter set given in Table B.1
with an expected fidelity of ' = 85 %. For these parameters I have plotted the populations
of state | a,7,0) and |i,a,0) in Figure B.2 (b). Again, they illustrate the coherent energy
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Laser and cavity parameters

Rabi frequency of auxiliary laser Q)27 50 MHz
single photon coherent coupling rate g/2m 27 MHz
detuning from the excited atomic state | A/27 | 1600 MHz
detuning from the excited cavity state 6/2m 20 MHz

Dissipation rates

spontaneous emission rate I'/2m 5 MHz
cavity decay rate (F = 109) K/2m 1.6 MHz
Results

fidelity F 8 %
effective four-photon Rabi frequency Qefr /27 18 kHz
strong coupling parameter g% /KT 91

Table B.1: Parameters for the calculation of Figure B.2. The Rabi frequency ) = Q4 =
Qg and the single photon coherent coupling rate ¢ = g4 = gp are assumed to be equal
for both atoms.

exchange between the two states at the frequency Q.g, however with decaying amplitude
during the time of two Rabi cycles due to the dissipation of the system.

The two-qubit entanglement time, which is required to transfer the system from the initial
state to the entangled state, is equal to T 5 = 14 us. Note that at the expense of a slightly
lower fidelity of F' = 83 %, the gate operation speed can be increased to T/ = 900 ns by
choosing a smaller detuning of A/2m = 400 MHz.

I have optimized the theoretical parameters for the presented entanglement scheme on the
basis of our particular experimental conditions. It thus seems feasible to realize entan-
glement with our experimental apparatus. The two qubit states | FF = 3,mp = —3) and
| F =4, mp = —4) could serve as the two ground states |7) and |a ), respectively. The
excited state | F' =4, mp = —4) would then correspond to state | e).
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