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Kurzfassung: Atomchip Gravimeter mit Bose-Einstein Kondensaten

Die heutige Generation atomarer Inertialsensoren arbeitet typischerweise mit lasergekühlten
Atomen, die aus einer optischen Melasse fallen gelassen oder gestartet werden. Die Expansion und
Größe dieser Ensembles limitieren die Effizienz von Strahlteilern und die Analyse systematischer
Unsicherheiten. Diese Limitierung kann durch die Verwendung von Ensembles mit einer Im-
pulsverteilung, die deutlich kleiner als der Photonenimpuls ist, wie einem Bose-Einstein Kondensat
(BEC), umgangen werden. Nachdem das BEC das Regime ballistischer Expansion erreicht hat, in
dem die Wechselwirkungsenergie in kinetische Energie überführt wurde, kann die Expansionsrate
eines BECs mit Delta-Kick Kollimation sogar weiter reduziert werden. Atomchip-Technologien
ermöglichen hierbei die schnelle und robuste Generation von BECs sowie die Anwendung der
Kollimation und ebnen den Weg für miniaturisierte atomare Sensoren.

Die Benutzung von BECs erlaubt die effiziente Bragg- oder Doppel-Bragg-Beugung. In dieser
Arbeit werden dabei Effizienzen von über 95% erreicht, was eine wichtige Voraussetzung für die
Interferometrie mit hohem Kontrast 𝐶 ist. BECs erlauben es neue Methoden der kohärenten
Manipulation zu entwickeln. Basierend auf einer Kombination aus Doppel-Bragg-Beugung
und Bloch-Oszillationen wurde ein Startmechanismus mit mehr als 75% Effizienz in einem
retroreĆektiertem Laserstrahl realisiert. Die Neuerung dieser Methode ist, dass nur ein einzelner
Laserstrahl nötig ist, der zudem als Strahlteiler genutzt wird und die Komplexität des Aufbaus
nicht erhöht. Mit einem ähnlichen Schema wird ein skalierbarer symmetrischer Strahlteiler mit
einem Impulstransfer von bis zu 1008 ℎ̄𝑘 realisiert. Ein interferometrischer Kontrast kann mit
einem Impulsübertrag von bis zu 208 ℎ̄𝑘 beobachtet werden, was mehr als einer Verdopplung der
größten Separation entspricht, die nach aktuellem Kenntnisstand bisher berichtet wurde.

Im Rahmen dieser Arbeit wurde das erste Atomchip Gravimeter mit Bose-Einstein Kondensaten
realisiert, das in zwei Modi betrieben wird. Entweder wird das BEC schlicht fallen gelassen und
die Interferometrie im Fall durchgeführt oder das BEC wird nach einer gewissen Fallzeit wieder
nach oben beschleunigt, sodass sich die Interferometrie in einer Fontänen Geometrie über eine
größere Zeit 2𝑇 erstreckt. Der Atomchip dient der Erzeugung des BECs, zur Zustandspräparation
mit magnetischem Zustandstransfer, magnetischer Linse und Stern-Gerlach Ablenkung. Die
Besonderheit des Aufbaus ist, dass der Laserstrahl, der das Mach-Zehnder Interferometer (MZI)
mittels Bragg-Beugung aufspannt, vom Chip retroreĆektiert wird. Der Chip dient somit als
inertiale Referenz in einem äußerst kompakten Interferometer. Alle atomoptischen Operationen,
die Interferometrie und die Detektion der Interferometerzustände können innerhalb eines Würfels
von einem Zentimeter Kantenlänge erfolgen, was eine signiĄkante Verkleinerung ermöglicht.

Mit fallenden BECs löst das Gravimeter lokale Schwere mit ∆𝑔/𝑔 = 1,3 ≤ 10⊗5 auf, limitiert
durch seismisches Rauschen, das auf den Apparat einwirkt. Mit Bragg-Beugung erster Ordnung
kann bei 2𝑇 = 10 ms eine intrinsische Sensitivität von ∆𝑔/𝑔 = 3,2 ≤ 10⊗6 erreicht werden, was
nahe dem berechneten Schrotrauschen für 10 000 Atome und einem Kontrast von 𝐶 = 0,75
ist. Die Fontänengeometrie erlaubt, das MZI bei einem größeren Kontrast von 𝐶 = 0,8 auf
2𝑇 = 50 ms zu verlängern und damit eine intrinsische Sensitivität von ∆𝑔/𝑔 = 1,4 ≤ 10⊗7 zu
erreichen. Ein wichtiger Baustein ist hierbei die Zustandspräparation durch magnetische Linse
und die Reinigung magnetischer Unterzustände, um den Kontrast zu verbessern sowie das
Detektionsrauschen zu verringern. Eine Betrachtung von systematischen Unsicherheiten im
jetzigen Aufbau und ihre Projektion auf ein zukünftiges Gerät belegen, dass in Zukunft mit der
Fontänengeometrie Genauigkeiten von unter einem µGal möglich sind.

Schlagwörter: Bose-Einstein Kondensate, Materiewelleninterferometrie, Gravimetrie





Abstract: Atom-chip Gravimeter with Bose-Einstein condensates

TodayŠs generation of atomic inertial sensors typically operates with laser cooled atoms released
or launched from an optical molasses. The velocity distribution and Ąnite size of these sources
limit the efficiency of employed beam splitters as well as the analysis of systematic uncertainties.
These limits can be overcome by the use of ensembles with a momentum distribution well below
the recoil of a photon, such as Bose-Einstein condensates (BEC). The momentum distribution of
a BEC can even be narrowed down after reaching the regime of ballistic expansion, where all
mean Ąeld energy is converted to kinetic energy, by the application of the delta-kick collimation
technique. Atom-chip technologies offer the possibility to generate a BEC and perform delta-kick
collimation in a fast and reliable away, paving the way for miniaturized atomic devices.

The use of BECs allows for Bragg and double Bragg diffraction at high efficiency. In this thesis,
these can be driven with an efficiency of above 95% facilitating to perform interferometry with
high contrast 𝐶. Furthermore, BECs allow to develop novel methods of coherent manipulation
at high Ądelity. Based on a combination of double Bragg diffraction and Bloch oscillations a
relaunch procedure with more than 75% efficiency in a retro-reĆected optical lattice has been
implemented. The novelty of this method is, that it relies only on a single laser beam, which
is also used for beam splitting and thus does not lead to an increased complexity of the setup.
Additionally, with a similar scheme a symmetric scalable large momentum transfer beam splitter
of up to 1008 ℎ̄𝑘 is demonstrated. An interferometric contrast with up to a momentum separation
inside the atom interferometer of 208 ℎ̄𝑘 can be observed, which is to the best knowledge more
than twice the largest momentum separation reported so far.

In this thesis, the Ąrst atom-chip gravimeter with Bose-Einstein condensates is realized, which
operates in two different modes. The interferometry is either performed using dropped BECs
directly after release, or the BECs are accelerated upwards after a certain time of free fall and the
interferometry is performed like in a fountain, such that the time 2𝑇 in the interferometer can be
extended. The atom chip is used for generating Bose-Einstein condensates and state preparation,
including magnetic sub-state transfer, delta-kick collimation and Stern-Gerlach-type deĆection. A
special feature of this setup is that the light Ąeld, which forms the Mach-Zehnder interferometer
(MZI) by Bragg diffraction, is reĆected at the atom chip itself. In this way, the chip also serves
as an inertial reference inside the vacuum chamber, which allows for the demonstration of a
compact atom-chip gravimeter. All atom-optics operations, the interferometry and the detection
of the output states of the atom interferometer are integrated into a volume of less than a cube
of one centimeter side length marking a substantial downsizing.

In the drop mode, the gravimeter is capable of determining the local gravitational acceleration
𝑔 with an uncertainty of ∆𝑔/𝑔 = 1.3 ≤10⊗5 limited by seismic noise acting on the apparatus. With
Ąrst-order Bragg diffraction and an interferometry time of 2𝑇 = 10 ms an intrinsic sensitivity of
∆𝑔/𝑔 = 3.2 ≤ 10⊗6 is obtained which is close to the calculated shot-noise limit for 10 000 atoms at
an interferometric contrast of 𝐶 = 0.75. In the fountain mode, the MZI can be extended to an
interferometry time of 2𝑇 = 50 ms at even larger contrast of 𝐶 = 0.8 which reaches an intrinsic
sensitivity ∆𝑔/𝑔 = 1.4 ≤ 10⊗7. The state preparation comprising delta-kick collimation and
Stern-Gerlach-type deĆection has an important contribution to this achievement by improving
the contrast and by reducing the detection noise. An estimation on systematic uncertainties for
the current setup and their projection onto a future device proves that it is possible to reach
sub-µGal accuracies with a fountain-type geometry in the future.

Keywords: Bose-Einstein condensates, matter wave interferometry, gravimetry





“I may be old, but I’m not obsolete.”

— T-800

Acknowledgments - Danksagung

An erster Stelle gilt mein Dank meinem Doktorvater Ernst Rasel, der mir das Durchführen
dieser Doktorarbeit überhaupt erst ermöglicht hat und der kontinuierlich Anregungen zum
Experiment und zur Physik dahinter gegeben hat. Ich danke allen denjenigen, allen voran
Wolfgang Ertmer, dem Sekretariat und der Werkstatt, die ganz wesentlich dafür sorgen, dass
am Institut für Quantenoptik alles funktioniert. Mein Dank gebührt außerdem dem DLR, das
die QUANTUS-Projekte seit mehr als einem Jahrzehnt Ąnanziell fördert und intensiv begleitet.
Ich möchte mich auch bei Carsten Klempt und Kai Bongs für die Übernahme der Gutachten zu
meiner Dissertation und Klemens Hammerer für die Übernahme des Prüfungsvorsitzes bedanken.

In den vergangenen Jahren durfte ich mit einer unglaublich großen Zahl von Personen aus dem
Institut für Quantenoptik aber auch von außerhalb zusammenarbeiten und von ihnen lernen.
Das gilt ganz besonders für Christian Schubert, der mich schon seit meiner Zeit als Student
betreut und dessen Ratschläge egal in welchem Bereich sehr wertvoll für meine Arbeit waren.

Begonnen hat meine experimentelle Arbeit am Institut bereits 2009 mit meiner Diplomarbeit
am CASI Experiment. Dort habe ich neben Christian auch zusammen mit Thijs Wendrich,
Michael Gilowski, Peter Berg und Gunnar Tackmann die erste Zeit meiner Doktorarbeit bestritten
und so ziemlich alles gelernt, was man über Atominterferometrie überhaupt wissen kann.

Nach CASI kam für mich der große Schritt zu QUANTUS-1. Zusammen mit Martina Gebbe
und Matthias Gersemann sind wir jetzt schon seit einigen Jahren das Team am Experiment. Die
gemeinsame Arbeit macht immer sehr viel Spaß und es ist wirklich erstaunlich, was sich aus
QUANTUS-1 alles herausholen lässt, das ganz sicher noch lange nicht zum alten Eisen gehört.
Übernommen haben wir das Experiment Anfang 2014 von Hauke Müntinga und Holger Ahlers,
die uns mit ihrer Erfahrung bis heute sehr helfen und oftmals auch retten können. Neben den
Experimentatoren möchte mich bei der Theorie Gruppe um Naceur Gaaloul, allen voran bei
Jan-Niclas Siemß, für ihre Hilfe bedanken, unsere Ergebnisse zu verstehen.

Ein wesentlicher Teil der Physik die im Rahmen dieser Arbeit erforscht wurde, insbesondere
die Anwendung in der Gravimetrie, ist motiviert durch den Sonderforschungsbereich geo-Q. Es
ist großartig zu dieser Forschung beitragen zu können und immer wieder mit den Kollegen aus
dem IfE, dem AEI und dem ZARM intensiv über unsere Arbeit zu diskutieren. Am IQ ist das für
mich primär das QG-1-Team, Jonas Matthias, Maral Sahelgozin, Waldemar Herr, Nina Grove,
Hendrik Heine und Janina Molkenthin, aber auch darüber hinaus, allen voran Dennis Schlippert.
Bei Dennis möchte ich mich zudem für seine Tex-Vorlage bedanken, Tikz rockt einfach!

Unseren Kollegen aus Ulm Wolfgang P. Schleich, Enno Giese und Alexander Friedrich danke
ich für die hervorragenden Diskussionen zu unserem Experiment und für die Zusammenarbeit an
unseren gemeinsamen Publikationen, insbesondere am PRL zum Chipgravimeter.

Zu guter Letzt möchte ich mich bei meiner Familie, meinen Freunden und ganz besonders bei
Theresa, der wundervollsten Frau, die ich mir wünschen kann, für ihre Unterstützung bedanken.





Contents

1 A new generation of quantum sensors 1

1.1 Inertial sensing using cold atom interferometry . . . . . . . . . . . . . . . . . . . 2
1.2 Advantages of using Bose-Einstein condensates . . . . . . . . . . . . . . . . . . . 5
1.3 Scope and organization of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Atom-chip-based source of ultracold atoms 11

2.1 Subsystems of the QUANTUS-1 experiment . . . . . . . . . . . . . . . . . . . . . 12
2.1.1 Vacuum system and atom chip . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.2 Laser system, light distribution and stabilization . . . . . . . . . . . . . . 14
2.1.3 Computer control, current drivers and detection . . . . . . . . . . . . . . 15

2.2 Sequence for the generation of Bose-Einstein condensates . . . . . . . . . . . . . 17
2.2.1 Magneto-optical cooling and magnetic trapping . . . . . . . . . . . . . . . 17
2.2.2 Bose-Einstein condensation in a harmonic trap . . . . . . . . . . . . . . . 19

3 Frequency-doubled high-power laser system 23

3.1 Frequency doubling and distribution module . . . . . . . . . . . . . . . . . . . . . 24
3.2 Horizontal and vertical beam-splitting optics assemblies . . . . . . . . . . . . . . 25
3.3 Adjustment procedure of atom chip and beam splitter . . . . . . . . . . . . . . . 27

4 Concepts for light-pulse atom interferometry 29

4.1 Light-pulse manipulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.1.1 Rabi oscillations in a two-level system . . . . . . . . . . . . . . . . . . . . 30
4.1.2 Bragg and double Bragg diffraction . . . . . . . . . . . . . . . . . . . . . . 35
4.1.3 InĆuence of a velocity distribution . . . . . . . . . . . . . . . . . . . . . . 38

4.2 Atoms in optical lattices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2.1 One dimensional optical potentials . . . . . . . . . . . . . . . . . . . . . . 41
4.2.2 Coherent acceleration by Bloch oscillations . . . . . . . . . . . . . . . . . 44
4.2.3 Landau-Zener formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.3 Mach-Zehnder interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3.1 Sensitivity to inertial forces . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3.2 Sensitivity function formalism . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3.3 Output phase evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

i



ii Contents

5 Implementation of the experimental methods 53

5.1 Preparation prior to interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.1.1 Controlled release of the condensate from the trap . . . . . . . . . . . . . 55
5.1.2 Momentum collimation by a magnetic lens . . . . . . . . . . . . . . . . . 58
5.1.3 Transfer to the non-magnetic state . . . . . . . . . . . . . . . . . . . . . . 61

5.2 High-Ądelity interferometry using Bragg diffraction . . . . . . . . . . . . . . . . . 63
5.2.1 Higher-order Bragg diffraction . . . . . . . . . . . . . . . . . . . . . . . . 63
5.2.2 Mach-Zehnder fringes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.3 Relaunch of atoms in a retro-reĆected optical lattice . . . . . . . . . . . . . . . . 68
5.3.1 Coherent acceleration by Bloch oscillations . . . . . . . . . . . . . . . . . 69
5.3.2 Momentum inversion using double Bragg diffraction . . . . . . . . . . . . 75
5.3.3 Free expansion of the relaunched ensemble . . . . . . . . . . . . . . . . . . 78

6 Atom-chip gravimeter 81

6.1 Operation of the atom-chip gravimeter in two modes . . . . . . . . . . . . . . . . 82
6.1.1 Gravimeter using dropped Bose-Einstein condensates . . . . . . . . . . . . 83
6.1.2 Fountain gravimeter with extended free-fall time . . . . . . . . . . . . . . 84

6.2 Results using dropped Bose-Einstein condensates . . . . . . . . . . . . . . . . . . 85
6.2.1 Intrinsic performance evaluation . . . . . . . . . . . . . . . . . . . . . . . 86
6.2.2 Determination of local gravity . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.2.3 Stability of the gravity measurement . . . . . . . . . . . . . . . . . . . . . 93

6.3 Results using the fountain geometry . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.3.1 Fluctuation dependent performance evaluation . . . . . . . . . . . . . . . 95
6.3.2 Principal component analysis of the outputs . . . . . . . . . . . . . . . . . 103

6.4 Systematic uncertainties and future perspective . . . . . . . . . . . . . . . . . . . 109
6.4.1 Estimation of systematic uncertainties . . . . . . . . . . . . . . . . . . . . 109
6.4.2 Mitigation strategies for dominant uncertainties . . . . . . . . . . . . . . . 117

7 Novel interferometer geometries 119

7.1 Correlated atom interferometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.1.1 Vibrational noise suppressed rotation measurement . . . . . . . . . . . . . 120
7.1.2 Increased dynamic range by multi-sensitivity . . . . . . . . . . . . . . . . 121

7.2 Symmetric scalable large momentum transfer . . . . . . . . . . . . . . . . . . . . 123
7.2.1 Scaling behavior of the momentum transfer . . . . . . . . . . . . . . . . . 124
7.2.2 Doppler selective removal of atoms . . . . . . . . . . . . . . . . . . . . . . 126
7.2.3 Coherence study with contrast envelopes . . . . . . . . . . . . . . . . . . . 127

8 Future experiments, summary and conclusion 131

8.1 Quantum gravimeter QG-I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
8.2 Very long baseline atom interferometry . . . . . . . . . . . . . . . . . . . . . . . . 134
8.3 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

Bibliography 143

Lists 165



Contents iii

Abbreviations or acronyms used in this thesis are listed here.

AOM - Acousto-optical modulator
ARP - Adiabatic rapid passage
AWG - Arbitrary waveform generator
a.u. - Arbitrary units
BEC - Bose-Einstein condensate
BO - Bloch oscillations
CASI - Cold Atom Sagnac Interferometer
CCD - Charge-coupled device
CODATA - Committee on Data for Science and Technology
CRC - Collaborative research center
DBD - Double Bragg diffraction
DDS - Direct digital synthesizer
DFB - Distributed feedback
DFG - Deutsche Forschungsgemeinschaft
DKC - Delta-kick cooling/collimation
DLR - Deutsche Luft- und Raumfahrtgesellschaft
ECDL - External cavity diode laser
EDFA - Erbium doped Ąber ampliĄer
EEP - EinsteinŠs equivalence principle
EOM - Electro-optic modulator
FPGA - Field-programmable gate array
FWHM - Full width at half maximum
geo-Q - Geodesy with Quantum sensors
IfE - Institut für Erdmessund
IQ - Institut für Quantenoptik
IPT - Ioffe-Pritchard trap
KAKTUS - Kompakte Atomchiptechnologie für den Einsatz unter Schwerelosigkeit
LIGO - Laser Interferometer Gravitational-Wave Observatory
LLR - Lunar-Laser-Ranging
LMT - Large momentum transfer
LUH - Leibniz Universität Hannover
MAIUS - Materiewellen-Interferometer unter Schwerelosigkeit
MTS - Modulation transfer spectroscopy
MOPA - Master-oscillator power-ampliĄer
MOT - Magneto-optical trap
MZI - Mach-Zehnder interferometer
PBS - Polarizing beam splitter
PCA - Principal component analysis
PDH - Pound-Drever-Hall
PSD - Power spectral density
QUANTUS - Quantensysteme unter Schwerelosigkeit
QG-I - Quantum-Gravimeter-I
RF - Radio frequency
SCI - Symmetrized composite-pulse interferometer
SHG - Second harmonic generation
SI - International System of Units
ToF - Time of Ćight/free fall
UFF - Universality of free fall
UHV - Ultra-high vacuum
VLBAI - Very long baseline atom interferometer
ZARM - Zentrum für angewandte Raumfahrtechnik





CHAPTER 1

A new generation of quantum sensors
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Fig. 1.1: Illustration of the principle how to
sense inertial effects using atom interferometry.
Laser light acts as a precise ruler to interfero-
metrically read out atomic position in free fall.

Precision measurements tremendously contribute
to our understanding of nature. Both fundamen-
tal theories - general relativity as well as quantum
mechanics - were founded in the early 20th century
and govern todayŠs understanding in physics, each
one at its own scale. General relativity [1] describes
macroscopic and astronomical scales, whereas quan-
tum mechanics [2, 3] leads to wave nature and quan-
tized energies in microscopic systems. TodayŠs most
precise measurements are performed by devices us-
ing wave interference experiments. Outstanding
examples of such devices are long baseline laser
interferometers, as for instance the Laser Interfer-
ometer Gravitational Wave Observatory (LIGO),
assembled and improved over decades due to large
efforts of the gravitational wave community. In
September 2015, these efforts ultimately led to the
Ąrst direct observation of gravitational waves [4]
emitted from a binary black hole merger [5]. Each
of the two LIGO detectors simultaneously detected
a swept differential length variation, the so called
strain signal, from 35 to 250 Hz with a peak am-
plitude of Δ𝐿/𝐿 = 1.0 ≤ 10⊗21. However, massive
particles make ideal test samples for measurements of inertial quantities as space and time. Time
today is deĄned in the International System of Units (SI) via the transition frequency between
the two hyperĄne groundstates of the Cesium atom at 9,191,631,770 Hz. Atomic clocks using
optical transitions nowadays achieve fractional instabilities as low as 3 ≤ 10⊗18 [6]. Based on
similar techniques, interfering matter-waves are used for measurements of inertial effects, making
use of a fascinating role-reversal between atom and light. The schematic depicting of an atomic
gravimeter in Ąg. 1.1 illustrates this principle, where pulsed laser light acts as a precise ruler to
measure the position of atoms in free fall. Introduced more than two decades ago, the continuous
progress allows these light-pulse atom interferometers to compete with conventional sensors on
the forefront of the most precise measurement in various Ąelds of applications.
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2 1 A new generation of quantum sensors

1.1 Inertial sensing using cold atom interferometry

Based on the pioneering work done by M. Kasevich and S. Chu starting in 1991 [7, 8], light-pulse
atom interferometry using laser cooled atoms has grown to a very successful tool for precise
measurements. During the last decades ground breaking experiments have been performed
in the Ąelds of inertial sensing and testing fundamental physics. Inertial sensing covers the
measurement of the local gravitational acceleration [9Ű12], rotations as the rotation of the
Earth [13Ű17], as well as gravity gradiometry, by a differential read out of two spatially separated
atom interferometers [18, 19]. The scope of testing fundamental physics with atom interferometry
comprises on the one hand measurements of fundamental constants like NewtonŠs gravitational
constant 𝐺 [20Ű23], or the Ąne-structure constant Ð [24Ű27]. A recent determination of Ð with a
measurement of the photon-recoil energy by P. Cladé and colleagues even entered the CODATA
deĄnition, currently at a precision of 6.6 ≤ 10⊗10 [26], being close to the determination of the
electronŠs magnetic moment [28]. On the other hand postulates are being tested underlying
EinsteinŠs principle of equivalence [29] as the universality of free fall (UFF) which is today of
particular interest. A simple test of the UFF is to compare the measurement of local gravity with
a classical gravimeter and an atomic gravimeter in parallel [9, 30]. More elaborate set-ups tend to
use two different quantum objects, as two isotopes of a single atomic species or even two different
atomic species, and to measure their free-fall rate within the same device [31Ű36]. These kind of
experiments are expected to catch up to or even overcome todayŠs best classical tests of the UFF
using Lunar-Laser-Ranging [37] or torsion balance experiments [38] in the future. Additionally,
tests with atoms can also contribute to models in particle physics by the search for unknown forces
or dark energy [39Ű41]. Some more exotic experiments test foundations of quantum mechanics
like a delayed-choice experiment [42] or create atomic Einstein-Podolski-Rosen pairs [43, 44].

Especially in the Ąeld of absolute gravimetry, atomic sensors compete with classical devices [45].
The established sensors used for geodesy [46] have to be distinguished in absolute gravimeters
like the falling-corner cube gravimeters [47, 48] and relative gravimeters like a superconducting
gravimeter [49Ű51], which have a changing bias over time. The current generation of state-of-the-
art atomic gravimeters operate with Raman-type beam splitters and laser-cooled atoms, which
are either dropped or launched in an optical molasses, a technique introduced in Cesium fountain
clocks [52, 53]. Four laboratory grade examples of these gravimeters [12, 54Ű56] are listed in
tab. 1.1, which in part reach inaccuracies in the low µGal regime. These type of devices got for
the Ąrst time turned into commercial products, which currently measure to 10µGal [57Ű59].

Table 1.1: Overview on the current generation cold atomic gravimeters. (* drift rate per year)

Gravimeter Atomic Beam Release Pulse sep. Repetition Sensitivity Accuracy

species splitter type 𝑇 (ms) rate (Hz) (µGal/
√

Hz) (µGal)

HUB [55] 87Rb Raman Fountain 260 0.7 9.6 3.9

Syrte [56] 87Rb Raman Dropped 80 3 5.7 4.3

Wuhan [12] 87Rb Raman Fountain 300 1 4.2 -

Onera [54] 87Rb Raman Dropped 48 4 42 25

Muquans [58] 87Rb Raman Dropped 40 2 50 < 10

AOSense [59] only official information: 20 Hz repetition rate and autonomous operation for weeks

FG-5X [47, 48] falling corner cube gravimeter 15 2

SC [49Ű51] superconducting relative gravimeter < 0.1 < ∘5/yr*



1.1 Inertial sensing using cold atom interferometry 3

Bragg- and Raman-type interferometers

The coherent manipulation of matter waves is a central element in each matter wave inter-
ferometer [60]. Two widely spread methods are based on light-pulses driving Raman [7] and
Bragg diffraction [61, 62]. The choice between them implies a few conceptual differences for
an atom interferometer that measures inertial effects by the manipulation of external degrees
of freedom [63]. Raman diffraction, where an atomic 𝛬-scheme is driven, requires phase-stable
microwave-coupling between two hyperĄne ground states of an Alkaline atom usually realized by
two phase-locked lasers. Working with two different internal states has an advantageous behavior
dealing with wide atomic velocity distributions, namely velocity Ąltering with blow-away pulses
and state-selective detection [11, 64]. These state-labeling features are described in detail by
C. Bordé [65]. Bragg diffraction, in contrast, involves only a single atomic ground state and is a
pure momentum or recoil beam splitter which usually requires only a single laser system. But,
due to the transition frequency in the RF-range, the detection needs to be spatially resolved and
it requires a momentum distribution below recoil to distinguish different orders [11, 66].

An interesting aspect connected to the beam splitter, is the possibility to enlarge the momentum
transfer during manipulation. Bragg diffraction is in particular noted for the experiments with
large momentum transfer, either with direct higher orders [67], sequential transitions [68Ű70]
or a combination with Bloch oscillations [71, 72]. In terms of scalable momentum transfer a
Raman beam splitter is limited to transfer only two photons at each pulse due to the intrinsic
state change. For speciĄc applications this might be an actual drawback, nevertheless there are
still options for large momentum transfer by pulse sequences [73, 74] or combined with Bloch
oscillations [75, 76]. For both methods there is a symmetric version, which is not susceptible to
laser phase changes [77Ű80], while Berg et al. [16] show a hybrid Raman-based topology.

Limitations of sensors using molasses cooled atoms by the example of CASI

Almost every state-of-the-art atomic sensor relies on ensembles of Alkali atoms, which are laser
cooled and afterwards released or launched from an optical molasses. The Mach-Zehnder or
sometimes also Ramsey-Bordé interferometers are routinely formed by the manipulation with
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Figure 1.2: Illustration of the Cold Atom Sagnac Interferometer (CASI) experiment for the
precise measurement of slow rotations (a). A mayor limitation of the current generation of atom
interferometers is arising from wave fronts inhomogeneities coupling to the ensemblesŠ expansion (b).
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atom-light-interaction, using mostly pulsed Raman-type beam splitters [7, 8]. The Raman process
is often exploited for velocity selection [11, 64], allowing to maintain interferometric contrast 𝐶.
The contrast is a measure of which fraction of the total atom number can be manipulated by
the beam splitter, e.g. contribute useful to the interferometric signal. Two prominent examples
for these kind of measurements were recently performed at the Institut für Quantenoptik (IQ).
The Ąrst one has performed the Ąrst dual-species quantum test of Einsteins equivalence principle
by simultaneously dropping ensembles of Rubidium-87 and Potassium-39 [35]. Comparing the
free-fall rates of both species leads to a proof of the UFF, at a published level of (0.3 ∘ 5.4) ≤ 10⊗7.

The second experiment at the IQ was determining the EarthŠs rotation by the Sagnac effect [81]
with molasses cooled ensembles of Rubidium-87 launched from two sources onto opposing
trajectories [16]. This Cold Atom Sagnac Interferometer (CASI) called experiment is schematically
depicted in Ąg. 1.2(a). The sensitivity of this device to slow rotations reached 120 (nrad/s)/

√
Hz

which is today among the best sensitivities reached with cold atomic gyroscopes and could
recently only slightly be outperformed by the group of A. Landragin [17]. To reach this sensitivity
in CASI a novel interferometer topology, named Şsymmetrized composite-pulse interferometerŤ
(SCI), has been introduced using a special combination of Raman-type beam splitter pulses
with alternating direction of momentum transfer [16]. In that way, attributes similar to double
Diffraction [77, 78] are exploited without physically changing the assembly nor losing the ability
to vary the output port populations via scanning the relative laser phase. A detailed description
of the CASI experiment and an analysis on the noise sources or systematic uncertainties can be
found in previous theses [82Ű85]. The dominant limitations of the experiment are the following:

• The interferometric contrast in the SCI can only be held at an acceptable level of
𝐶 = 0.19 (reduced from 𝐶 = 0.36 in a MZI) by exploiting the velocity selectivity of the
Raman-process [11, 64] in combination with (one or) two blow away pulses. These pluses
remove atoms and reduce the Ąnal detected atom number to some 105 atoms. The beam
splitter efficiency itself is limited to below 50% after velocity selection, which prevents a
useful application of larger momentum transfer beyond the 4 ℎ̄𝑘 of the SCI.

• The launch in a optical molasses reaches a stability of a few 10⊗4 in 5 min which is
a major source of uncertainty in the ensembles velocity [86]. The stability of the launch
velocity is limited by the geometric alignment as well as the laser power stability [87]. Since
the molasses launch relies on spontaneous scattering of photons rather than a coherent
manipulations process, this method does not pair with BECs easily.

• Relative tilts of the wave front drastically reduces the interferometric contrast which
can be regained by a complex alignment procedure presented in ref. [88]. Otherwise a phase
gradient over the atomic ensemble averages out the interferometric signal completely due
to the non-spatially resolved detection process. The uncertainty to align the relative
wave fronts between subsequent Raman zones also limits the achievable accuracy [85].

• Two independent source systems are used to realize the counter-propagating interfer-
ometers and to subtract common noise between the two atomic ensembles in differential
operation. Beside adding complexity to the experiment, the molasses launch as well as the
detection of the ensembles are still independent. Due to the alignment errors and drifts [87]
the correlation is not as perfect as expected for a single source.

The limitations of the CASI experiment motivate to have a look into condensed sources of atoms
for the use in atom interferometry. The work presented in this thesis is to some degree inspired
by these limitations and to Ąnd methods to overcome them using Bose-Einstein condensates.
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1.2 Advantages of using Bose-Einstein condensates

A central question to be discussed in the frame of this thesis are possible advantages and the
future perspective of using quantum degenerate atoms for light-pulse atom interferometry. Bose-
Einstein condensation was predicted jointly by A. Einstein and S. N. Bose [89, 90] in 1924, but
the experimental validation took till 1995 and was reported by three groups almost at the same
time [91Ű93]. Interference experiments with Bose-Einstein condensates have been performed
shortly after Ąrst observation, because of their fascinating coherence properties [94Ű96]. For
light-pulse atom interferometry Bose-Einstein condensates were only recently used for inertial
sensors [97]. In the past, one refrained from using them mainly because of two reservations:

• A comparably low flux of atoms is obtained, if the atom number 𝑁 of a typical BECs
and the time needed for its generation are contrasted with the Ćux obtained in an optical
molasseses. After all, the generation of a BEC remains a rather lossy and complex
process. The transfer of cold atomic clouds into optical or magnetic traps has a limited
transfer efficiency and the evaporation itself relies on reducing atom numbers.

• A high atomic density in a Bose-Einstein condensate causes atomic interactions resulting
in the so called mean field shift, a bias shift in the interferometer. Furthermore this
potential energy converts to kinetic energy under free expansion and results in a broadened
velocity distribution after a short time, even if the BEC was created extremely cold.

But, in return BECs offer several advantages and interesting perspectives:

• A high fidelity of employed manipulation methods, such as Bragg diffraction or
Bloch oscillations, is possible with BECs, if the mean-Ąeld energy can be reduced. For a
Mach-Zender interferometer this allows for a contrast approaching unity and in that way
catching up in the atom number which contribute to the signal to velocity Ąltered sources.
The possibility to drive large momentum transfer increasing the interferometerŠs scaling
factor even promises to overcome the sensitivity of previous atom interferometers.

• The accurate determination of an inertial value needs a precise knowledge and control
over the initial conditions of the test sample. In a gravimeter conĄguration the Coriolis
effect and gravity gradients couple in via initial velocity and position. The inĆuence
of wave front distortion and curvature arising from expansion during free fall is greatly
reduced due to the small extend and slow expansion of typical condensates. In fact,
these bias shifts are the major sources of systematic uncertainties for gravimeters
using molasses cooled atoms and can be sufficiently suppressed using colder atoms.

• A need for Bose-Einstein condensates lies in accessing spatial features of an atomic
ensemble, because of their unique point-like nature [98]. Interferometry with point
sources allows for a new method to deduce variables and to obtain more information in
a single cycle over the phase shear across an ensemble [98Ű100]. A spatially resolved
readout of the interferometerŠs output ports is always applied in the presented experiments
and the spatial distribution is used for evaluation.

• The shot noise represents a limit to the sensitivity of an atom interferometer at a given
atom number 𝑁 . To overcome this limit without increasing 𝑁 , BECs offer a perspec-
tive towards squeezing. There are remarkable examples for non-degenerate squeezed
sources [101, 102], but a large fraction of methods to generate correlations [103Ű105] and
demonstrate atom interferometers [106Ű109] rely on BECs. For preserving non-classical
correlations during the interferometry a high efficiency in the manipulation is mandatory.
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QUANTUS-1 as a testbed for atom interferometry with Bose-Einstein condensates

In the past, the increased complexity of the experiments and the additional effort to condense
atoms has detained the interferometry community to use them for precision measurements.
When technology and experiments advanced, this situation changed and the generation of a
Bose-Einstein condensate is no longer an insuperable barrier. In this thesis, the QUANTUS-1
experiment is employed to have access to their reliable generation. The device routinely provides
1.5 ≤ 104 condensed atoms of Rubidium-87 every 15 s [110] which to a large extent is used for
MOT-loading. The evaporation itself only takes less than 1.5 s. Atom-chip technologies grant
access to robust trapping and fast evaporation providing steep magnetic traps in vacuum close
to the atoms and fast switching times. Pioneering atom-chip experiments generating ultracold
atoms have been performed more than a decade in the past [111Ű113]. Today, atom-chip setups
are robust and reliable tools for fast condensate generation [114Ű117] and even commercially
available [118]. The current generation QUANTUS-2 generates 105 condensed atoms each
second [117] competing with all-optical approaches [119Ű122]. Condensates up to several 106

atoms can be generated in macroscopic magnetic traps or dipole traps, but the condensation is
fairly slow and takes up to minutes [99, 123, 124]. The atom chip in QUANTUS-1 shown on
a photograph in Ąg. 1.3(a) not only allows to generate the condensates, moreover it provides
control over the release conditions, and to perform a state preparation after release. This makes
QUANTUS-1 an ideal testbed for interferometry with Bose-Einstein condensates [80, 98, 110].

The main argument always brought forward against the use of Bose-Einstein condensates in
atom interferometry is that the occurrence of atomic interactions due to a large atomic density
in the condensate causes effects like frequency shifts or phase diffusion [125Ű127]. There are two
options to relax density dependent effects. The Ąrst and obvious way is the relaxation of mean
Ąeld effects after a certain time of free expansion [97, 128, 129]. But an additional waiting time,
especially for condensate temperatures in the low nanokelvin region, elongates the free-fall time
and therefore the baseline needed for an experiment. However, the broadening of the momentum
distribution due to the conversion of mean Ąeld energy can not be counteracted and might lead
to substantial larger expansion rates and reduced beam splitter Ądelities. Both drawbacks can
be circumvented by the application of a technique often called delta-kick cooling or matter wave
lensing [130Ű132]. Hereby, a position dependent force generated by a harmonic potential and
applied after a given expansion period for appropriate time slows down the expansion of the atoms
and ideally collimates it, analogous to a lens in optics. In that way a larger initial expansion
for a short time leads to an adjustable cloud size tailored to the needed atomic density, while
the Ąnal expansion during the experiment is rather small as illustrated in Ąg. 1.3(c). However,
this effect is no ŞcoolingŤ, in the sense that the phase space density is increased by this process,
but rather a ŞcollimationŤ of the atomic motion. Delta-kick collimation can be performed by
optical potentials of a dipole trap [133] or as in the case of QUANTUS-1 the magnetic potential
provided by the chip [98] which can be switched on and off in a very fast manner.

With the QUANTUS-1 apparatus previous experiments in the droptower in Bremen have been
performed exploiting the point-like behavior of a delta-kick collimated Bose-Einstein condensate
in free fall [98]. An asymmetric Mach-Zehnder interferometer is formed by Bragg diffraction,
which can be seen as a giant double-slit experiment [134]. The delta-kick collimation allows to
observe the condensates even after free-fall times beyond a second. The interferometer scheme
and a density depiction of its output ports are displayed in Ąg. 1.3(b). Due to the asymmetry in
the interferometer a phase gradient causes a fringe pattern to appear across the interferometer
output ports, from which contrast and orientation can be extracted from a single experiment.
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Figure 1.3: Previous work with Bose-Einstein condensates done at the QUANTUS-1 experiment.
Photograph of the QUANTUS-1 atom chip inside the vacuum chamber (a). An asymmetric Mach-
Zehnder interferometer with a condensate in free fall simulates a giant double-slit experiment [98] (b).
A schematic illustration of delta-kick collimation, to slow down the atomic ensembles expansion (c).

Towards compact absolute atomic gravimeters with Bose-Einstein condensates

Major work is ongoing to improve the current generation of atomic gravimeters in terms of
accuracy but also miniaturization. The use of a Bose-Einstein condensate as a source for an
atomic gravimeter is a promising approach for the future. Absolute gravimetry is a primary Ąeld
of application suitable for atom interferometers as already the current generation of laboratory
grade devices almost matches the needs of geodesists. The primary goal in terms of performance
is to reach accuracies below 1µGal in a modest integration time of around 100 s, because this is
the region relevant for terrestrial geodetic Earth observation and would signiĄcantly outperform
classical absolute gravimeters [135Ű137]. The accepted approach to overcome current systematic
uncertainties and to reach this goal is the use of colder and smaller atomic ensembles due to
their reduced susceptibility to wave front errors and residual initial motion [88, 138]. Another
interesting topic is, to Ąnd solutions to shrink these sensors further down in size. In this respect,
the use of Bose-Einstein condensates and atom chips provide a valuable contribution. Geodetic
Ąeld applications rely on robustness and transportability, two strong arguments in favor of an
atom-chip setup. Miniaturization and at the same time decreased complexity deĄnitely open up
other applications, as for example to locate resources or autonomous inertial navigation.
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1.3 Scope and organization of this thesis

The presented work focuses on the investigation of novel methods for the coherent manipulation
of Bose-Einstein condensates with laser light and the development of compact schemes for atom
interferometry relying on an atom-chip-based source. For this purpose, the prototype of an
atom-chip gravimeter is implemented in the QUANTUS-1 apparatus and a variety of atom
interferometry experiments are performed with the setup using these novel methods. The results
of these experiments are analyzed from a scientiĄc perspective and the relevance for future
experiments is highlighted. A diagram of the organization of this thesis is shown in Ąg. 1.4.

The key to miniaturize quantum gravimeters is to shorten the atom interferometerŠs baseline,
i.e. the distance the atoms fall from their origin, by new methods and measurement schemes. A
number of experiments already demonstrated compact measurement schemes, but up to now
without ever exceeding the proof-of-principle status nor showing a complete miniaturization of
all necessary steps in the device. Atom interferometry with magnetically trapped [139, 140] and
guided [141] atoms has been demonstrated and successfully employed as magnetometers [108].
Optically guided atom interferometers measuring acceleration along the guiding axis [72, 142]
combined Bragg beam splitters with Bloch oscillations to achieve faster scaling [143]. But, these
were not yet employed as gravimeters. Atoms trapped in optical lattices, that target for measuring
short range forces [144, 145] determined the Bloch frequency of the tilted lattice as a measure
for gravity [146, 147]. An optical lattice as guide and beam splitter has been proposed [148]
and the relaunch using Bloch oscillations has been used with a Ramsey-Bordé geometry [149,
150]. The disadvantage of the Ramsey-Bordé geometry is the scaling behavior proportional to 𝑇
rather than 𝑇 2 which is similar to a suspension in a standing wave [151]. Up to now it is not
sufficiently analyzed how the guiding or reĆection process itself will disturb the measurement
at high accuracies. Additional systematic uncertainties and a dephasing of the interferometric
signal will arise from light shifts [138, 152], the interaction between guide and atoms as well
as from scattering processes between atoms within the guide [145, 153Ű155]. As long as these
effects can not successfully be overcome, interferometry with undisturbed free-falling condensates
remains a more promising choice to reach the target of an uncertainty below 1µGal.
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experimental realization , concepts and methods and interferometry .
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Realizing the first atom-chip gravimeter and novel interferometer geometries

Within the scope of this thesis, a novel route to miniaturized quantum senors is opened and the
prototype of an atom-chip gravimeter implemented in the QUANTUS-1 apparatus is demonstrated.
The prototype relies on Bose-Einstein condensates generated by an atom chip as a source and
Bragg diffraction as beam splitters, forming Mach-Zehnder interferometers. The speciĄcs of
this combination together with delta-kick collimation and spatial readout, both techniques well
established at the QUANTUS-1 experiment, have been published in ref. [156] and are highlighted
throughout this thesis. Due to the characteristics of the condensed sources of atoms which
are used, especially in combination with delta-kick collimation, the Bragg and double Bragg
diffraction realized in this thesis are driven with a high Ądelity above 95%. Furthermore, the use
of Bose-Einstein condensates allows to develop novel methods of coherent manipulation based on
Bloch oscillations in a dual-lattice conĄguration combined with double Bragg diffraction.

A specialty of the implementation of the atom-chip gravimeter is that the light Ąeld for
generating the interferometer is reĆected at the atom-chip surface. In this way, the chip serves
as inertial reference inside vacuum. Moreover, with the atom chip all atom-optics operations
can be performed, including source generation, state preparation, the interferometry itself and
the Ąnal detection of the interferometer output states in a cube of less than 1 cm side length.
The atom-chip gravimeter is operated in two different modes. The interferometry in the Ąrst
mode, which is kept on a basic level, is performed using Bose-Einstein condensates simply
dropped from the magnetic trap generated by the atom chip. In addition, a fountain geometry is
employed, which overcomes the limitations of using dropped Bose-Einstein condensates by the
implementation of a relaunch. The relaunch redirects the trajectory of a condensate upwards
after a certain time of initial free fall by a newly developed method based on a retro-reĆected
optical lattice. The interferometry in this mode is performed after the relaunch with atoms
still under free fall and nearly undisturbed by the relaunch but on a parabolic trajectory. The
novelty of this relaunch method is that it relies only on a single laser beam which is also used for
generating the interferometer and thus does not increase the complexity of the setup. Given the
fact that this setup employs a retro-reĆective or dual-lattice conĄguration, the relaunch cannot
be performed by a simple acceleration via Bloch oscillation but in combination with double Bragg
diffraction. The current limitation of this method is given by a momentum broadening during the
relaunch caused by the insufficient surface quality of the atom chip. The fountain mode in total
provides a three times larger observation time compared to a single drop. The additional time is
primarily used for extending the pulse separation time 𝑇 inside the interferometer to increase its
intrinsic sensitivity, but it also allows for additional state preparation steps beforehand, namely
delta-kick collimation and magnetic state puriĄcation, to reduce systematic uncertainties and
to improve the interferometric contrast. In a nutshell, with the fountain geometry an atomic
gravimeter with enlarged scaling factor is demonstrated, while keeping the volume in which every
atom-optics operation is performed as compact and close to the atom chip as possible.

Based on the experimental methods developed for the atom-chip gravimeter, several novel
interferometer geometries are investigated in this thesis. The important addition is to include
a horizontal dual lattice for driving double Bragg diffraction. This allows on the one hand
conĄgurations based on two correlated Mach-Zehnder interferometers. Both are fed by a single
condensate, which is initially split such that the ports of the two interferometers move with a
relative velocity either in horizontal or vertical direction. On the other hand, a novel symmetric
scalable interferometer using large momentum transfer is developed with the combination of
double Bragg diffraction and Bloch oscillations in a dual-lattice conĄguration.
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This work in the framework of QUANTUS and geo-Q

Quantum technology is at present actively discussed in the European context [157, 158]. Atom
interferometry with Bose-Einstein condensates used for inertial sensing on Earth as well as for
fundamental science in space is a particular active Ąeld of research. The work presented in this
thesis is embedded in the framework of two research collaborations - QUANTUS and geo-Q.

The research collaboration named QUANTensysteme Unter Schwerelosigkeit under the
supervision of the Deutsche Luft und Raumfahrtgesellschaft (DLR) was founded in 2004 to
perform research exploring degenerate quantum gases and atom interferometry under conditions
of microgravity. The participating organizations in this collaboration are, beside the Institut für
Quantenoptik in Hannover: the Zentrum für angewandte Raumfahrtechnik (ZARM) in Bremen,
the Universität Ulm, the Technische Universität Darmstadt, the Humbolt Universität zu Berlin,
the Gutenberg Universität Mainz and formerly the Universität Hamburg. The QUANTUS-1
apparatus was originally designed for being dropped at the 110 m high drop-tower located at the
ZARM in Bremen and shown in Ąg. 1.5. It is the Ąrst generation apparatus realized within this
collaboration and was dropped more than 400 times. Although none of the presented experiments
in this thesis were actually performed in a microgravity environment, this work would have not
been possible without all the former developments done within this collaboration and the different
projects. The recent highlight of this research is the successful launch of the MAIUS-1 sounding
rocket [159Ű161] in January 2017 achieving the Ąrst Bose-Einstein condensates in space [162].

Figure 1.5: The droptower at the ZARM in Bremen. The photograph shows the hole ZARM from
the outside (left) as well as the inner basement (right). (pictures by H. Müntinga and H. Ahlers)

The collaborative research center Relativistic Geodesy and Gravimetry with Quantum
Sensors (SFB 1128) [163] was started in 2014 between Hannover, Braunschweig and Bremen
with the aim to perform research on the determination of the EarthŠs gravitational Ąeld and to
monitor global and regional mass distribution. Within this center, novel sensors for quantum
metrology and relativistic geodesy will be developed, as well as geodetic modeling will be advanced
to interpret processes of global and regional change. The IQ is primarily taking part in these
activities with the development of two next generation atomic gravimeters presented in chp. 8.
Especially, the next generation mobile gravimeter QG-1 will proĄt greatly from the research on
atom-chip-based quantum gravimetry with Bose-Einstein condensates presented in this thesis.
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Atom-chip-based source of ultracold atoms
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Fig. 2.1: Photograph of the QUANTUS-1 drop
capsule with labeled section in front of the lab-
oratory at ZARM. (picture by H. Müntinga)

The QUANTUS-1 experiment has been designed to
study methods for the generation and manipulation
of Bose-Einstein condensates during extended free
fall in microgravity environments [110] and real-
ized atom interferometry in the drop tower with at
that time unrivaled pulse separation times [98]. The
apparatus offers a compact and robust way to gener-
ate Bose-Einstein condensates as well as to employ
delta-kick collimation with the use of the atom chip
allowing for ultra-slow expansion rates correspond-
ing to temperature equivalents of few nK [164, 165].
With these capabilities QUANTUS-1 serves as an
ideal test-bed for atom interferometry, allowing e.g.
to implement double Bragg diffraction as a novel
symmetric beam splitter [80]. The photograph in
Ąg. 2.1 shows the complete drop capsule as it was
dropped in the drop tower more than 400 times.

In the course of this chapter there will be only a
brief overview on the components (sec. 2.1) of the
experiment and a recall of the sequence performed
to generate Bose-Einstein condensates with the ma-
chine (sec. 2.2) presented, since this was described
a few times already [164Ű166]. Introductions to the
basics of trapping and cooling of neutral atoms can
be found in literature [167] and the realization of
Bose-Einstein condensation was described in great
detail in refs. [168Ű170]. The QUANTUS-1 device
has its strength in the satisfactory level of previ-
ously performed characterization and reliability of
the setup. It allows to generate Bose-Einstein condensates of up to 1.5 ≤ 104 87Rb atoms with a
cycle time of roughly 15 s, mainly limited by slow loading of the magneto-optical trap (MOT)
from background vapor. After release, the atom chip allows to apply delta-kick collimation and
to prepare the atoms in a non-magnetic state (sec. 5.1).

11
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2.1 Subsystems of the QUANTUS-1 experiment

The central element of the source system of the QUANTUS-1 experiment is clearly the atom chip
used for the generation of Bose-Einstein condensates. This chip consists of planar wire structures
down to 50µm width to generate magnetic Ąelds for trapping and cooling of atomic ensembles.
This section focuses on special aspects of the QUANTUS-1 apparatus and gives a brief overview
on the provided sub-systems needed to perform the experiments. A more detailed description on
the devices and generation of Bose-Einstein condensates as well as on experiments previously
performed in microgravity can be found in a number of previous theses [164Ű166]. Due to the
design for the droptower operation, the QUANTUS-1 experiment offers some beneĄcial features:

• The whole device is by design robust against mechanical shock and temperature changes.

• Each component is to some extend miniaturized to Ąt into a single drop capsule.

• Each component was optimized regarding low mass and power consumption, since
during droptower operation for a certain time the device needs to be powered by batteries.

• Every experimental step is remote controllable and read out via computer systems.

2.1.1 Vacuum system and atom chip
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to pumps
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Fig. 2.2: The vacuum system is composed of
commercial CF components and optical access
is granted via anti-reĆection coated viewports.
The science chamber is a single cross with two
additional 45◇ ports for retro-reĆected MOT
beams. Coil housings for the generation of MOT
and bias magnetic Ąelds are visible in black.

The ultra-high vacuum (UHV) system is made of
non-magnetic stainless steel components based on
copper seals (CF type). CF vacuum components are
commercially available, robust against mechanical
shock and grant a UHV-grade vacuum quality. The
single science chamber in the center of the system
consists of a cross with eight tubes which are closed
by anti-reĆection coated viewports. The atom chip
is mounted on a copper mount and integrated from
the upper tube of the cross. The pressure inside the
vacuum is held below 10⊗11 mbar with an ion getter
pump (PID25, MECA2000, 25 l/s) and a passive
getter (SAES Getters) mounted in a section above
the atom chip. The Rubidium is disposed from al-
kali metal dispensers (SEAS Getters) integrated in
the lower tube and controlled by the amount of cur-
rent fed through the wire shaped dispensers. This
is a compromise between condensate lifetime of 3 s
and loading rate of the MOT limiting the cycle time
to 15 s. A CAD drawing of the chamber assembly is
depicted in Ąg. 2.2 with the upper pump and valve
section missing. Around the science chamber there
are in total four pairs of coils mounted spaced in
Helmholtz conĄguration. Only the biggest pair of
them which is used for the MOT magnetic Ąeld is
water-cooled because of its high power consump-
tion and heat dissipation. The other three pairs are
oriented pairwise orthogonal and used to generate
magnetic bias Ąelds during the experiment.
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The functionality of an atom chip can be illustrated with a simple current carrying wire, the
straight conductor which is mounted on a two-dimensional plane, the surface of the atom chip.
For geometric reasons it is clear, that a trap for atoms can only be generated shifted away from
surface with an offset Ąeld 𝐵bias. The magnetic Ąeld 𝐵 of a straight conducting wire carrying a
current 𝐼 and its derivatives 𝐵′, 𝐵′′ are at a distance 𝑧 perpendicular to the surface

𝐵(𝑧) =
Û0

2Þ
≤ 𝐼

𝑧
⊗ 𝐵bias, 𝐵′(𝑧) =

Û0

2Þ
≤ 𝐼

𝑧2
and 𝐵′′(𝑧) =

Û0

2Þ
≤ 𝐼

𝑧3
(2.1)

with an offset Ąeld 𝐵bias and zero magnetic Ąeld line (𝐵(𝑧0) = 0) at a distance

𝑧0 =
Û0

2Þ
≤ 𝐼

𝐵bias
. (2.2)

This conĄguration alone provides two-dimensional trapping along the wire, that can be used as a
wave guide. The offset Ąeld 𝐵bias which is needed to shift the zero magnetic Ąeld line out of the
wire, is in the case of the atom chip generated by one of the external coil pairs, aligned in the
plane of the chip. The two other coil pairs K1 and K2 are aligned perpendicular to the Ąrst pair.

By bending a straight conductor in the two-dimensional plane of the atom chip three-
dimensional trapping potentials are created, the most common are the U-type and the Z-type
which are implemented on the atom chip displayed in Ąg. 2.3(a). The two bend wires to form
the U-type cancel each other out and this type generates a three-dimensional quadrupole trap as
needed for a MOT. The Z-type bending is used to generate a so called Ioffe-Pritchard-trap.

𝑥

𝑦

𝑧

U-type wire

𝐼U

𝐵bias
200µm

2 mm

Z-type wire

𝐼Z
𝐵bias

50µm

(a) (b)

Figure 2.3: The magnetic Ąeld is generated by U- and Z-wires with an external offset Ąeld 𝐵bias (a).
Surface of the atom chip in the QUANTUS-1 experiment with U- and Z-wire highlighted (b).

The atom chip which is employed in the QUANTUS-1 experiment is displayed in Ąg. 2.3(b) with
the U- and Z-wire highlighted on its surface. To dissipate the heat caused by the electric currents
and to connect the structures on the chip to electrical feed-throughs on the vacuum chamber,
it is mounted on a block of copper attached to a CF-Ćange. The speed to evaporate atoms
in a magnetic trap highly depends on the trap frequencies in the generated potential, because
these are anti-proportional to the time needed for rethermalization after cutting out the hottest
fraction with an RF-knife. In the case of this atom chip, trapping frequencies of up to 8 kHz can
be generated allowing to evaporate a cloud of atom in below 1.5 s to quantum degeneracy which
is fast compared to magnetic traps relying on macroscopic coil.
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2.1.2 Laser system, light distribution and stabilization

For trapping, cooling and basic manipulation of the atoms, distributed feedback (DFB) diode
based laser systems are integrated into the drop capsule and are placed on its top level to enable
access for alignment. These DFB laser diodes offer an acceptable linewidth of about 3 MHz but
require no external resonator making them quite robust to mechanical stress on the experiment.
The laser system is composed of four modules based on customized optics holders at 2 cm beam
height, designed for high stability, while remaining adjustable. These modules are interconnected
by polarization maintaining optical Ąbers (e.g. Suk PMC-850-5,1-NA13-3-APC-400-P), that
are also used to interface the vacuum system. The complete laser system consists of two DFB
diodes and two ampliĄed DFB diode lasers described in refs. [166, 171]. All DFB laser diodes are
of the same type Eagleyard, EYPDFB-0780-00080-1500-TOC03-0000. Figure 2.4(a) gives
an overview on the laser frequencies used in the experiment and Ąg. 2.4(b) shows photographs of
two exemplary laser modules. These laser modules are:

• A DFB reference laser diode is stabilized with a modulation transfer spectroscopy [172]
40 MHz below the ♣5𝑆1/2,𝐹 = 3⟩ ⊃ ♣5𝑃3/2,𝐹 ′ = 4⟩ transition of 85Rb.

• The DFB repumping laser diode is of the same type and 10 mW of laser light behind the
optical Ąber is emitted resonant to the ♣5𝑆1/2,𝐹 = 1⟩ ⊃ ♣5𝑃3/2,𝐹 ′ = 2⟩ transition of 87Rb.

• For laser cooling a larger power is needed, than is provided by a single DFB diode. For
this purpose another DFB laser diode is ampliĄed in a tapered ampliĄer (Eagleyard,
EYP-TPL-0780-01000-3006-CMT03-0000) and about 125 mW coupled into an optical
Ąber. A beat offset lock stabilizes the cooling laser at the frequency 2 ⊗ 3𝛤 red-detuned to
the ♣5𝑆1/2,𝐹 = 2⟩ ⊃ ♣5𝑃3/2,𝐹 ′ = 3⟩ transition of 87Rb.

• The integrated laser used to drive Ąrst-order Bragg or double Bragg diffraction is
a micro-integrated diode based Master-Oscillator Power-AmpliĄer (MOPA) build by the
Ferdinand-Braun Institut für Höchstfrequenztechnik (FBH) and provides up to 150 mW of
power behind an optical Ąber output [173]. Its frequency is locked to the cooling laser with
an offset of 𝛥 = 0.5 GHz by a beat measurement. The module to generate and distribute
the beam splitting frequencies is described in detail in ref. [171].

Distribution of the laser light and frequency stabilization

The distribution module divides the light from the cooling and repumping laser onto Ąbers
guided to the vacuum chamber and contains the frequency stabilization. The frequency of
the cooling and repumping laser is stabilized to the reference laser by beat offset locking with
fast photo diodes (Hamamatsu, G4176-03) according to the locking scheme in Ąg. 2.4(a).
While the lock of the repumping laser is static in frequency during the experiment, the cooling
laser can be dynamically detuned with a phase-frequency detector (Hittite Microwave
Corporation, HMC440QS16G, 10 ⊗ 1200 MHz) and a synthesizer (AA-Opto-Electronics,
DDSPA, 10 ⊗ 350 MHz). The shifting and switching of the cooling and repumping light is
performed with acousto-optical modulators (AOM, Crystal Technology, 3080-125) driven
by voltage-controlled oscillators. Remaining stray light is blocked by mechanical shutters in front
of the Ąbers. Four Ąbers guide each 10 ⊗ 12 mW of power for cooling and 0.8 mW of power for
repumping to the science chamber. The outputs of the Ąbers are collimated to a diameter of
× = 21 mm. Two of the laser beams for the MOT are retro-reĆected at the atom-chip surface with
an angle of 45◇. An additional Ąber with few 100µW of only cooling light which is individually
controlled by an AOM is guided to the detection axis.
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Figure 2.4: Scheme of laser wavelengths used in the QUANTUS-1 experiment (a). Two of the laser
modules (b) for the modulation transfer spectroscopy (top) and laser cooling (bottom).

2.1.3 Computer control, current drivers and detection

The computer control integrated into the drop capsule guaranties a mostly autonomous operation
of the experiment. However at the start the laser system still needs to be manually switched on
and the diode temperatures as well as currents are adjusted by hand.

• In total three computer systems are integrated into the drop capsule. These are two com-
mercial LabView real time based PXI-systems (National Instruments, PXI-1000B)
for multipurpose and a Linux based PC exclusively controlling a PulseBlasterDDS-II
via USB. This DDS generates the frequencies and amplitudes to drive the AOMs for
Bragg and double Bragg diffraction. The experimental sequence is timed by two PXI-cards
(PXI-6259, PXI-6723) with digital trigger-lines, analog in- and outputs unchanged to
ref. [166]. The communication between the integrated computers and three Windows
computers in the laboratory is realized by Ethernet.

• The laser locks are controlled via analog outputs, while the supply electronics are self-built
laboratory-grade electronics. Two additional PXI-cards are used to generate the radio
frequencies for evaporation (PXI-5406) and magnetic sub-state transfer (PXI-5422).
All miscellaneous electronics used to drive the AOMs or to control the laser locks as
RF-switches, ampliĄers and bias-tees are mostly components made by Mini Circuits.

• The current drivers, that drive the chip structures as well as the bias coils are of the
type High Finesse, BCSP7. These drivers are powered by individual batteries (Hawker
Energy, Cyclon Series) and stand out by a very low output noise Ągure. All other
devices integrated in the drop tower are supplied by 28 V batteries on the lowest platform
converted by DCDC-converters. In laboratory operation all batteries are constantly
connected to power supplies and act as buffers to maintain low current noise.
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Spatially resolved absorption detection

The imaging system as depicted in Ąg. 2.5 is oriented along the 𝑥-axis of the atom chip, so that
absorption pictures of the condensates are taken in the 𝑦 ⊗ 𝑧-plane. The circular polarized light
beam is tuned to the ♣𝐹 = 2⟩ ⊃ ♣𝐹 ′ = 3⟩ transition of 87Rb collimated with a telescope to a
diameter of × = 20 mm. Typically the laser beam as an intensity of 𝐼det = 0.3 ⊗ 0.5 mW/cm2

corresponding to 0.2 of the saturation intensity 𝐼sat. A 12 bit charge-coupled-device (CCD)
camera of the type Hamamatsu, C8484-15G† collects the transmitted light with an aspheric
lens (Linos G322307525, 𝑓 = 80 mm) at the opposite side of the vacuum chamber. Absorption
detection is a common method for the detection of dense atomic samples [169] and the atom
number 𝑁 is obtained by reconstructing the density distribution from the absorption proĄle

𝑁 =
1
à

ˆ

𝐷(𝑦,𝑧) d𝑦 d𝑧 with 𝐷(𝑦,𝑧) = ln

[︂

𝐼beam ⊗ 𝐼dark

𝐼atom ⊗ 𝐼dark

]︂

=
ˆ

𝑛(𝑥,𝑦,𝑧) d𝑥, (2.3)

with the interaction cross section à = à0/(1+ 𝐼det/𝐼sat +4Ó4/𝛤 2), derived from the resonant cross
section à0 [174]. Herby, each detection sequence comprises an image 𝐼atom of the condensate
as well as an image 𝐼beam of the background taken 130 ms later to subtract the detection beam
proĄle. Once per day a dark image 𝐼dark is taken to subtract additional noise from the camera.

𝑥

𝑧

𝑦

Fiber

Atom chip

Condensate

Collimation lens
× = 20 mm

Aspheric lens
𝑓 = 80 mm

CCD-
Camera

Figure 2.5: Setup of the spatially resolved absorption detection in QUANTUS-1.

The absorption detection is used to detect either a series of time of Ćight images to examine
properties of the produced condensates, as size à𝑧,𝑦 and atom number 𝑁 or to detect the output
ports of the atom interferometer. On the one hand, the extraction of absolute atom numbers
and sizes is always inĆicted with an error due to the calibration of factors as the pixel-size,
magniĄcation and signal to density conversion. Those errors are typically on the few percent level.
On the other hand, since the output ports ♣𝑝0⟩ and ♣𝑝𝑛⟩ of the atom interferometer are recorded
simultaneously, only the ability to extract a relative population 𝑃 between two areas in a single
picture is of importance. At a sum of 𝑁 = 10 000 atoms this difference needs to be measured to
better than 1/

√
𝑁 = 1% equivalent to a phase uncertainty of below à∆ã < 10 mrad. Otherwise

the detection noise would contribute to more than the quantum projection noise àqpn itself and
would limit the interferometer readout. This simultaneous detection of both ports suppresses to
a large extend common noise contributions and it is experimentally proven in sec. 6.2.1, that the
detection does not limit the interferometerŠs performance in appropriate operation.

† Which did its duty righteously for a long, long period during this and every precedent thesis at the QUANTUS-1
experiment, but got replaced very recently by a Grasshopper GS3-U3-15S5M-C. However, the optics remained
unchanged and its performance is comparable, beside slightly different calibration factors.
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2.2 Sequence for the generation of Bose-Einstein condensates

The principle of laser cooling of neutral atoms is following the pioneering experiments [175,
176] that has led to the discovery of the magneto-optical trap (MOT) [177Ű179]. A MOT is
limited by the Doppler effect, until advanced methods have been introduced to reach sub-Doppler
temperatures [180, 181] ultimately rewarded with the Nobel prize in 1998 [182, 183].

The sequence used to operate the mirror-MOT, to load the atoms into a Ioffe-Pritchard-trap
(IPT) and to generate Bose-Einstein condensates by forced RF-evaporation in the QUANTUS-1
experiment has been well optimized during previous theses [165, 166] making it robust and
reliable. A short overview as references containing details are presented in this section.

2.2.1 Magneto-optical cooling and magnetic trapping

In the QUANTUS-1 experiment a three dimensional MOT is used, that is loaded from 87Rb
background vapor provided by dispensers. Due to the close proximity of the atom chip two of
the six MOT beams are retroreĆected from the chip surface as depicted in Ąg. 2.6(a). In the Ąrst
stage the magnetic quadrupole Ąeld is generated by a pair of macroscopic anti-Helmholtz coils.
After typical loading times of 10 s seconds about 1.6 ≤ 107 atoms are transferred into a second
stage formed by the U-wire on the atom chip. The atom chip is able to generate steeper magnetic
gradients, at the cost of a smaller trapping volume than the initial MOT state. With this second
stage about 1 ≤ 107 atoms are moved towards the chip and to the position of the magnetic trap.
To optimize the transfer between the MOT stages, shift the trap centers and compensate for
residual external gradients by using three pairs of offset coils according to Ąg. 2.6(b).

𝑥

𝑧

𝑦

Atom chip

Detection

à+

à⊗

à⊗

à+

à+

à+

CCD

𝑥

𝑧

𝑦

K1
Bias

K2
(a) (b)

Figure 2.6: Schematic of mirror-MOT beams (a) and bias Ąelds Bias, K1 and K2 (b).

Reaching sub-Doppler temperatures with an optical molasses and optical pumping

The limit on laser cooling in a MOT is set by the statistic nature of photon scattering to 𝑘𝐵𝑇𝑎𝑡 =
ℎ̄𝛤/2 with line width 𝛤 , which allows only temperatures as low as the Doppler temperature,
which is 145.6µK for 87Rb. This temperature is too high to achieve an efficient loading into a
magnetic trap, but it can be overcome by an optical molasses [182] at the end of the laser cooling
stage. Hereby all magnetic Ąelds are switched off, the cooling laser intensity is linearly reduced
to about one-quarter and further red-detuned to 10 𝛤 with no changes for the repumping laser.
About 𝑁 ≡ 7 ≤ 106 atoms reach a Ąnal temperature of 𝑇𝑎𝑡 ≡ 20µK at the end of the molasses.

Subsequent to the optical molasses the atoms should be loaded into the purely magnetic
trap generated by the atom chip, in which the atoms will be evaporated [184]. To do so, it is
favorable to Ąrst optically pump the atoms into the Zeeman sub-state with the highest magnetic



18 2 Atom-chip-based source of ultracold atoms

moment, in which the atoms experience the largest trapping potentials. This optical pumping is
done by tuning the cooling laser resonant to the transition ♣𝐹 = 2⟩ ⊃ ♣𝐹 ′ = 2⟩ for 700µs with
only a single laser beam switched on to illuminate the atoms. A population trapping in the
♣𝐹 = 2,𝑚F = 2⟩ sub-state is now achieved by a circular polarization (à+) of the laser beam with
respect to an 8 G quantization Ąeld in the 𝑦-direction.

Loading into a Ioffe-Pritchard trap for the evaporation

After the transfer into the 𝑚F = 2 sub-state is Ąnished the atoms can be afterwards loaded into
a magnetic trap. Since there is no light force anymore to conĄne the atoms, paramagnetic atoms

are trapped due to the Stern-Gerlach force
⇀
𝐹 SG = ⊗𝑔FÛB𝑚F∇♣

⇀
𝐵♣ with the Landé factor 𝑔F

pointing either towards the magnetic Ąeld minimum or maximum according to their 𝑚F-state.
The most simple conĄguration for a magnetic trap, that provides a local Ąeld minimum is a

quadrupole trap generated by a pair of anti-Helmholtz coils with axial symmetry in 𝑧-direction
approximated by 𝐵𝑥 = 𝑥𝐵′, 𝐵𝑦 = 𝑦𝐵′ and 𝐵𝑧 = ⊗2𝑧𝐵′. To lift the zero Ąeld in the local
minimum and avoid losses due to Majorana spin-Ćips, there are two commonly used methods, to
add a repulsive (blue detuned) optical dipole potential [93], or a homogeneous magnetic Ąeld,
that needs to be rotating in the plane perpendicular to the symmetric axis of the coils called a
time-orbiting-average-potential (TOP) [91, 185]. Another magnetic Ąeld conĄguration is a so
called Ioffe-Pritchard trap, named after Ioffe, who proposed this conĄguration Ąrst [186] and
Pritchard, who adapted it to trap neutral atoms [187, 188]. In the axial symmetric case [169,
189], this magnetic Ąeld can be approximated by

�⃗�(𝑥,𝑦,𝑧) = 𝐵0

⎛

⎝

0
0
1

⎞

⎠+ 𝐵′

⎛

⎝

𝑥
⊗𝑦
0

⎞

⎠+
𝐵′′

2

⎛

⎝

⊗𝑥𝑧
⊗𝑦𝑧

𝑧2 ⊗ 1
2(𝑥2 + 𝑦2)

⎞

⎠ . (2.4)

This conĄguration can either be generated by a coil assembly [91, 93], or by an atom chip with
a combination of a single current carrying wire and an external homogeneous offset Ąeld, as it
is available in the QUANTUS-1 experiment. In both cases, the center of the chipŠs trapping
potential may be approximated as an straightforwardly treatable harmonic potential

𝑉 (𝑥,𝑦,𝑧) =
𝑚

2

(︀

æ𝑥𝑥2 + æ𝑦𝑦2 + æ𝑧𝑧2
)︀

, (2.5)

with only two different trapping frequencies in axial æ𝑧 and radial ærad ⊕ æ𝑥 = æ𝑦 direction, due
to the axial symmetry. For the axial trapping frequency only the curvature 𝐵′′ needs to be taken
into account, while for the radial direction the ratio of the square of the gradient 𝐵′ and the
bottom 𝐵0 of the trap scale its steepness

æ𝑧 =

√︂

ÛB𝑔F𝑚F

𝑚
≤
√

𝐵′′

ærad =

√︂

ÛB𝑔F𝑚F

𝑚
≤
√︃

𝐵′2

𝐵0
⊗ 𝐵′′

2
.

(2.6)

In the experiment a cigar-shaped Ioffe-Pritchard-trap is loaded right after optical pumping by
switching on the Z-wire current to 𝐼Z = 2 A together with a bias Ąeld current of 𝐼bias = 0.8 A. An
additional Ąeld by the K1 coil with a current 𝐼K1 = 1.6 A deĄnes the magnetic Ąeld minimum 𝐵0.
About 𝑁 ≡ 4≤106 atoms are loaded into the trap without signiĄcant heating ready for evaporation.
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2.2.2 Bose-Einstein condensation in a harmonic trap

The occurrence of the statistical phenomenon called Bose-Einstein condensation was predicted
jointly by A. Einstein and S. N. Bose [89, 90], who showed that M. PlanckŠs distribution law for
electromagnetic radiation [190] could be derived purely from photon statistics rather than classical
electrodynamics. The experimental validation took until 1995 and was reported by three groups
almost at the same time in ref. [91Ű93]. A very brief review on the theoretical background of
Bose-Einstein condensation based on ref. [170] will be presented here. The evaporation sequence
to generate Bose-Einstein condensates and the different release traps used in the QUANTUS-1
experiment are summed up in this section. More detailed work on the characterization of these
traps and the generated Bose-Einstein condensates can be found for instance in ref. [165].

250µm 250µm 250µm
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⇀
𝑝

ÚdB(a)

(b)

Figure 2.7: Illustration of the phase space density for increasing thermal de Broglie wavelength and
increasing population of the ground state (a). Formation of a Bose-Einstein condensate where the
bimodal distribution is observable with increasing condensate fractions of 7%, 20% and 60% (b).

The occurrence of Bose-Einstein condensation is a pure quantum effect relying on the concept
of wave-particle duality. The wave nature of particles comes into play associated with the
uncertainty in their thermal distribution, decreasing with the temperature 𝑇 . The characteristic
length scale at which quantum effects arise, is reached if the thermal de Broglie wavelength

ÚbB =

√︃

2Þℎ̄2

𝑚𝑘B𝑇
(2.7)

in an ensemble of density 𝑛 is of the same order as the mean distance 𝑛1/3 between particles

𝜌 = 𝑛Ú3
dB = 𝑛

(︂

2Þℎ̄2

𝑚𝑘B𝑇

)︂3/2

⊙ 1 or 𝑇 ⊘ 𝑛2/3

(︂

2Þℎ̄2

𝑚𝑘B𝑇

)︂

for Bosons. (2.8)

Under this condition, the atomsŠ wave functions spatially overlap until they reach condensation at
a threshold density of 𝜌 ⊙ 2.613. At this point, the system can be described by a single quantum
mechanical state as illustrated in Ąg. 2.7(a,b). With continuing evaporation the temperature and
fraction of thermal atoms is decreasing until a pure Bose-Einstein condensate is formed.
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Only a few properties and expressions are necessary for the description of the phase transition at
the threshold to condensation. The density of states, transition temperature and condensate
fraction are derived for ideal Bose gases in a harmonic trap following ref. [170]. Ideal Bose gases
have the property, that all particles are non-interacting as it is a good approximation for dilute
thermal atoms like an optical molasses. Atomic interactions, which are neglected in the Ąrst place,
are taken into account in the Gross-Pitaevskii equation and the Thomas-Fermi approximation.

Transition temperature and condensate fraction

For Bose-Einstein condensation, calculating the number of particles 𝑁0 occupying the ground
state of a harmonic trap is essential, since the ground state has the lowest possible energy 𝜀0 in
the trap, which is needed to fulĄll the condition in eq. 2.8. The occupation of states 𝑁(𝜀) in a
uniform non-interacting system with a temperature 𝑇 is given by Bose-Einstein statistics

𝑁(𝜀) =
1

𝑒(𝜀⊗Û)/𝑘B𝑇 ⊗ 1
(2.9)

with an energy 𝜀 of a single particle and the chemical potential Û to add an additional particle to
the distribution. The ground state energy 𝜀0 is thereby required to be larger than the chemical
potential Û, since otherwise negative state occupation numbers would occur, that are naturally
forbidden. The total atom number 𝑁tot = 𝜀

∑︀

𝑔(𝜀) can be understood as the sum over the
density of states 𝑔(𝜀) times this energy 𝜀. For an inĄnite number of atoms the sum transforms
into an integral over the density of states 𝜌(𝜀) times their occupation 𝑁(𝜀), where by hand the
atoms in the ground state 𝑁0 are separated from thermal ones

𝑁tot = 𝑁0 + 𝑁therm = 𝑁0 +
ˆ ∞

0
𝑑𝜀 𝑁(𝜀)𝜌(𝜀). (2.10)

The density of states 𝜌(𝜀) is now depending on the external potential 𝑉ext the atoms are
kept in. The magnetic trap generated by the atom chip can be approximated as a harmonic
potential 𝑉 (𝑥,𝑦,𝑧)ext around its minimum given by eq. 2.5. For non-interacting atoms the many-
body Hamiltonian equals the sum over all Hamiltonians for individual atoms with eigenvalues

𝐸(𝑛𝑥,𝑛𝑦 ,𝑛𝑧) =

(︂

𝑛𝑥 +
1
2

)︂

ℎ̄æ𝑥 +

(︂

𝑛𝑦 +
1
2

)︂

ℎ̄æ𝑦 +

(︂

𝑛𝑧 +
1
2

)︂

ℎ̄æ𝑧. (2.11)

Hereby, the occupation numbers 𝑛𝑥,𝑦,𝑧 are all non-negative integers. The density of states 𝜌(𝜀)
in the considered harmonic potential 𝑉 is calculated by deriving the number of states 𝐺(𝜀) to

𝜌(𝜀) =
d𝐺(𝜀)

d𝜀
=

d
d𝜀

(︂

1

ℎ̄3æ𝑥æ𝑦æ𝑧

ˆ 𝜀

0
d𝜀𝑥

ˆ 𝜀⊗𝜀𝑥

0
d𝜀𝑦

ˆ 𝜀⊗𝜀𝑥⊗𝜀𝑦

0
d𝜀𝑧

)︂

=
𝜀3

2ℎ̄2æ𝑥æ𝑦æ𝑧

. (2.12)

With eq. 2.12 the fraction of thermal atoms 𝑁therm from eq. 2.10 is calculated to

𝑁therm =
1

2ℎ̄3æ𝑥æ𝑦æ𝑧

ˆ ∞

0
d𝜀

𝜀

𝑒(𝜀⊗Û)/𝑘B𝑇at ⊗ 1
= Õ(3)

(︂

𝑘B𝑇

ℎ̄æ̃

)︂

, (2.13)

with Û ≡ 0 close to the phase transition, the Riemann zeta-function Õ and the geometric mean
of the trap frequencies æ̃ = (æ𝑥æ𝑦æ𝑧)1/3 [188]. Before the phase transition all atoms are still in
excited states. Therefore, 𝑁tot = 𝑁therm deĄnes a critical temperature 𝑇c at the phase transition
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to condensation and the condensate fraction is given by

𝑁0 = 𝑁tot

[︃

1 ⊗
(︂

𝑇

𝑇𝑐

)︂3
]︃

with 𝑘𝑇c =
ℎ̄æ̃𝑁1/3

♣Õ(3)♣1/3
≡ 0.94 ≤ ℎ̄æ̃𝑁1/3. (2.14)

Gross-Pitaevskii equation and Thomas-Fermi approximation

So far, eq. 2.14 was derived for non-interacting gases. The inclusion of an interaction strength 𝑔 =
4Þℎ̄2

𝑚 𝑎 which depends on the scattering length 𝑎 and the mass 𝑚 leads to an atomic wave function
that fulĄlls the time-dependent Gross-Pitaevskii equation

𝑖ℎ̄
𝑑

𝑑𝑡
𝛷(⇀

𝑟,𝑡) =

[︂

⊗ ℎ̄2

2𝑚
𝛥 + 𝑉ext(

⇀
𝑟,𝑡) + 𝑔♣𝛷(⇀

𝑟,𝑡)♣2
]︂

𝛷(⇀
𝑟,𝑡). (2.15)

The ground state of eq. 2.15 in a time-constant potential 𝑉ext(
⇀
𝑟,𝑡) ⊕ 𝑉ext(

⇀
𝑟) is a pure condensate.

The wave function can be separated into a position- and time-dependent part 𝛷(⇀
𝑟,𝑡) = ã(⇀

𝑟)𝑒⊗𝑖Û𝑡/ℎ̄

with a chemical potential Û leading to the time-independent Gross-Pitaevskii equation

[︂

⊗ ℎ̄2

2𝑚
𝛥 + 𝑉ext(

⇀
𝑟) + 𝑔

⃒

⃒ã(⇀
𝑟)
⃒

⃒

2
]︂

ã(⇀
𝑟) = Ûã(⇀

𝑟). (2.16)

For vanishing interactions 𝑔 = 0 eq. 2.16 is the original Schrödinger equation for single particles.
The density distribution 𝑛(⇀

𝑟) =
⃒

⃒ã(⇀
𝑟)
⃒

⃒

2
is determined by the ratio between kinetic and interaction

energy. In the limit of strong repulsive interaction (𝑎 ⪰ 0) or large densities the kinetic energy is
negligibly small, which is expressed in the Thomas-Fermi approximation

𝑛TF =
⃒

⃒𝛷(⇀
𝑟)
⃒

⃒

2
= max

(︂

Û ⊗ 𝑉ext(
⇀
𝑟)

𝑔
,0

)︂

. (2.17)

The density distribution expressed by eq. 2.17 is an inverted parabola with 𝑛(0) = Û/𝑔 and
vanishing in every direction for Û ⊘ 𝑉ext(

⇀
𝑟), because it mirrors the shape of the potential. For

the harmonic potential from eq. 2.5 and 𝑁 =
´

d⇀
𝑟
⃒

⃒ã(⇀
𝑟)
⃒

⃒

2
the Thomas-Fermi radius [191, 192] is
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. (2.18)

This Thomas-Fermi radius is of different shape compared to the traditional Boltzmann distribution
derived from the harmonic oscillator ground state 𝑎𝑖 which is expressed by a Gaussian width

𝑅BZ
𝑖 = 𝑎𝑖

√︂

𝑘𝐵𝑇𝑎𝑡

ℎ̄æ𝑖
with 𝑎𝑖 =

√︂

ℎ̄

𝑚æ𝑖
. (2.19)

Experimental sequence for Bose-Einstein condensation in QUANTUS-1

The evaporation of the clouds loaded into the Ioffe-Pritchard-trap is performed via forced RF-
evaporation with an additional RF-Ąeld emitted from the Z-wire. Hereby, the frequency Ürf of the
RF-Ąeld is chosen to be resonant to the most energetic atoms in the trap driving spin changing
transitions with ∆𝑚F = 1. Atoms ending up in a high-Ąeld seeking 𝑚F-state are repelled from
the potential minimum, the remaining distribution rethermalizes and the temperature decreases.
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Due to this ŞcuttingŤ of the most energetic atoms from the distribution this technique is referred
to as RF-knife. The individual steps and frequency ramps are summed up in tab. 2.1. After a
Ąnal evaporation ramp down to Ürf = 1.83 MHz close to the bottom of the trap condensation is
reached after 1240 ms in total with a radial trapping frequency of 2Þ ≤ 2500 Hz of the cigar-shaped
potential. The Ąnal atom number in the condensate is typically slightly larger than 𝑁 = 10 000
in 15 s atoms with a condensate fraction of 65%. Figure 2.7(b) shows the decreasing fraction
of thermal atoms for further evaporation depending on the end frequencies of Ürf = 1.875 MHz,
1.85 MHz and Ąnally 1.83 MHz, corresponding to condensate fractions of 7%, 20% and 60%.

Table 2.1: Experimental sequence for the evaporation with an RF-knife.

∆𝑡 (ms) 𝐼𝑧 (A) 𝐼bias (A) 𝐼K1 (A) ærad (Hz) Ürf (MHz)

z-trap 1 0 2 0.8 1.6 2Þ ≤ 260 -

z-trap 2 20 2 0.8 ⊃ 2.7 1.6 2Þ ≤ 1300 -

290 2 2.7 ⊃ 6.5 1.6 2Þ ≤ 7600

evap. 1 230 2 6.5 1.6 2Þ ≤ 7600 40 ⊃ 4

20 2 6.5 ⊃ 5.5 1.6 2Þ ≤ 5500

evap. 2 300 2 5.5 ⊃ 5 1.6 - 4 ⊃ 2.3

evap. 3 100 2 1.6 2.3 ⊃ 1.99

evap. 4 300 2
5 ⊃ 3.55

1.6
2Þ ≤ 2500

1.99 ⊃ 1.83

condensate generation

decomp. 152 2 ⊃ 1.2 3.55 ⊃ 0.6 1.6 2Þ ≤ 130 1.83 ⊃ 3

h-trap 250 1.2 0.6 ⊃ 𝐼bias 1.6 ærad -

condensate release

After the condensate generation Ürf is ramped up again to repel residual thermal atoms while
the trap is decompressed. Subsequent to the decompression the atoms are transferred into the
Ąnal release trap, for which three different conĄgurations can be chosen with different Ąnal
bias currents 𝐼bias and determined trap frequencies listed in tab. 2.2. As in ref. [165] the trap
with 𝐼bias = 0.36 A is called ŞshallowŤ, the trap with 𝐼bias = 0.6 A ŞsteepŤ and, Ąnally, the trap
with 𝐼bias = 1 A ŞlensŤ, because in ref. [165] it was used for delta-kick collimation on ground.

From the release trap the condensate is released into free fall by switching the current from
the Bias coil pair and the Z-wire (𝐼Z = 𝐼bias = 0) off. The dynamics of the freely expanding
Bose-Einstein condensate is thus not described anymore by the Thomas-Fermi approximation
from eq. 2.17, because the mean Ąeld energy from the atomic interactions gets converted into
kinetic energy until the expansion reaches a ballistic regime of only kinetic energy. In this case,
the evolution of the wave function is usually described by the scaling law with three scaling
parameters obtained by appropriate coordinate transformation described in refs. [191, 192].

Table 2.2: Different release trap conĄgurations used in the experiment.

h-trap conĄguration æ𝑥/2Þ (Hz) æ𝑦/2Þ (Hz) æ𝑧/2Þ (Hz)

shallow (𝐼bias = 0.36 A) 17.8(1.1) 46.56(1.32) 31.29(31)

steep (𝐼bias = 0.6 A) 17.6(9) 131.48(45) 126.9(4)

lens (𝐼bias = 1.0 A) 48.9(5.3) 343.46(36) 343.88(38)



CHAPTER 3

Frequency-doubled high-power laser system

A frequency-doubled high-power laser system is assembled, which enables large momentum
transfer and lattice manipulation of the atoms simultaneously in horizontal and vertical direction.
While trapping, cooling and Ąrst-order Bragg diffraction is performed with diode-based laser
systems Ątting inside the drop capsule, there is an additional rack to host the high-power laser
system, schematically depicted in Ąg. 3.1. Systems of this type advanced immensely during
recent years and a variety of lasers, ampliĄers but also components like modulators, switches and
splitters are commercially available [193, 194], due to the fact, that their fundamental wavelength
at 1560 nm is broadly used for telecommunication purpose. Our speciĄc system utilizes a 10 W
ampliĄed Ąber master laser system of type NKT BoostiK E15 that has an intrinsic wavelength
stability of a few MHz and is tunable over roughly ∘1 nm by temperature of the active Ąber.
One specialty of this particular laser system is an extremely narrow instantaneous linewidth
speciĄed to be smaller than 100 Hz and low output power Ćuctuations of below 100 dB at a noise
frequency 0.7 MHz. The resonant doubling of the 1560 nm light takes place inside a Toptica
SHG pro (sec. 3.1). Up to 5 W of doubled light at 780 nm are then distributed and guided to
the experiment via polarization-maintaining single mode Ąbers (sec. 3.2). For gravimetry the
atom chip itself is used as retro-reĆector it needs to be alignment to gravity (sec. 3.3).

NKT Adjustik

Master @ 1560 nm
Low output 40 mW
Linewidth < 100 Hz
Fiber-based setup

NKT Boostik
10 W @ 1560 nm

Toptica SHG pro

Robust lock &
large efficiency
5 W output power
@ 780 nm
Free-space output

.
Figure 3.1: Schematic of the frequency-doubled high-power laser system used for higher-order
(double) Bragg diffraction and the generation of optical lattices (image by NKT Photonics [195])
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3.1 Frequency doubling and distribution module

Unlike other realizations of high-power laser systems based on frequency doubling [196, 197] which
use a single pass through a periodically-poled Lithium Niobe (PPLN) crystal, here the frequency
doubling takes place in a resonant bow-tie cavity of type Toptica SHG pro. Due to power
enhancement inside the cavity in combination with the non-linearity of the doubling process,
this type of resonant doubling has the advantage of a comparably large conversion efficiency at
lower pump power. A maximum output of 6 W at a pump power of 11 W is obtained [198], that
results in a similar conversion efficiency compared to ref. [197] and twice the efficiency per power
observed in ref. [196], but at lower absolute pumping powers. A limited pumping power is a
constraint in the ampliĄcation of ultra narrow laser sources, since for linewidths below 1 kHz there
is an enlarged Brillouin back scattering in Ąber ampliĄers which might destroy the ampliĄer [195].
The largest conversion efficiency per input power of Ö ≡ 1 1

𝑊 is achieved by doubling in ridge
waveguide crystals, but these are limited to the doubling of roughly one Watt [199].

SHG

AOMs

to experiment

4:1

Trigger2

Trigger1

PB-DDS-II AD9956

vertical

AOM1

horizontal(extra)

(extra)

AOM2 AOM3

Switch

Switch

Combiner

Switch

Switch

(a) (b)

Figure 3.2: Resonant doubling stage and high-power distribution module at 780 nm. After the
doubling stage the light is downsized by a 4:1 telescope and distributed into two paths (a). A single
AOM generates the frequencies for beam splitting in vertical direction. The frequencies for horizontal
beam splitting are generated by two independent AOMs and overlapped before the Ąber (b).

For the doubling stage and the free-space distribution of the laser light at 780 nm a separate
breadboard (Thorlabs Nexus) with a high stiffness and vibration damping capabilities is set
up depicted in Ąg. 3.2(a). The breadboard is required since the cavity is susceptible to the
incoupling of vibrational noise reducing the stability of the cavity lock. For a large enhancement
factor of the power circulating inside the cavity, it is locked via a double-stage piezo lock using
the Pound-Drever-Hall (PDH) method [200]. To generate the frequencies for the Bragg or lattice
beams three acousto-optical modulators (AOM, AA Opto Electronic MT80-A1.5-VIS) are
used in total, two for the horizontal direction which are either overlapped or individually coupled
into Ąbers (SuK PMC-850-5,1-NA13-3-APC-700-P) and guided to the experiment. The third
AOM is driven by two mixed RF frequencies [201, 202] and is coupled into a Ąber guided to
the vertical direction. The RF sources are direct digital synthesizers (DDS) either for driving
amplitude-shaped pulses at Ąxed frequency (PulseBlasterDDS-II) or a self-assembled device
(Analog Devices AD9958) for driving amplitude and frequency ramps. The output signals of
each dual-channel device is switched to drive the AOMs following Ąg. 3.2(b). Obtained Laser
output powers and transfer functions to adjust the power are depicted in Ąg. 3.3(a,b).
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Figure 3.3: The total laser power is measured directly at the laser output and at the exit of a
single-mode Ąber, which is coupled with light diffracted by 80 MHz using an AOM in Ąrst order [198]
(a). Transfer functions of RF amplitude of the PulseBlasterDDS-II and AD9958 to the diffracted
efficiency of the AOM (b). The output channels are either fed each into individual AOMs or both
channels are combined and fed into a single AOM with an offset of 500 kHz.

3.2 Horizontal and vertical beam-splitting optics assemblies

The beam splitting optics used in this work are assembled using Thorlabs mounts, which can
easily be extended by the integration of commercial components. Three assemblies have been
constructed for different purposes to perform interferometry either in a horizontal or a vertical
axis, so either along gravity in 𝑧-direction or perpendicular to gravity in 𝑦-direction. The optics
mount are attached via a custom made adapter directly to a CF vacuum window either from the
lower viewport pointing towards the chip or a horizontal viewport on the axis perpendicular to
the detection (see Ąg 2.2 for the deĄnition of the coordinate system).

Vertical - parallel to gravity

Two versions of the gravimetry optics exist and are utilized for different purposes as shown in
Ąg. 3.4 (a,b). Hereby, the Ąrst version was used in combination with the diode-based Bragg laser
for low power beam splitting and employed for the determination of local gravity described in
sec. 6.2 and ref. [171]. To have small wave-front aberrations the collimator uses a single lens
(Thorlabs LA1608-B) mounted in a tube to a beam diameter of × = 7 mm close to the free
aperture the chamber allows for. The beam splitting light Ąeld is adjusted via a cornered mirror
(Thorlabs BB1-E03, KCB1/M) in angle and an x-y mount (Thorlabs ST1XY-A/M) in
position. The laser beams are reĆected over a pentaprism (Edwards N-BK7 Vis) onto the
atom chip. This guarantees a perfect 90◇ angle of the beam splitting telescope to the atom chip
after alignment. A simple monitoring camera to observe and optimize MOT loading is mounted
at a port of a polarizing beam splitter (Thorlabs CCM1-PBS252/M).

The second version of the optics mount is utilized for large momentum transfer beam splitting
and lattice manipulation of the atoms together with the high power laser system presented here.
Therefore the diameter × = 3.3 mm of the beam is roughly a factor of two smaller. The single
lens telescope is replaced by a pre-collimated Ąber collimator (SuK 60FC-A18). Since the
smaller beam has to be centered more precisely at the position of the atomic ensembles, the penta
prism was replaced by a second mirror (Thorlabs BB05-E03, KCB05/M), to beam walk the
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laser beam. At the second port of the polarizing beam splitter, the monitor camera is intended to
be replaced by a pair of adjustable collimators with smaller beam diameter of × = 1 mm (SuK
60FC-A7,5). These are overlapped at a second polarizing beam splitter (Qioptiq G335592000)
with a pair of half inch mirrors and provide the possibility to guide two independently polarized
beam two the vacuum chamber for potential future use (see ref. [203] for reference).

(a) (b)

(c) (d)
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𝑦
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𝑥

Atom chip

𝑔

æ1 ‖ æ2
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Ú/4

Figure 3.4: Low power (a) and high power version (b) of the optics module used for beam splitting
in the vertical direction. Optics module used for beam splitting in horizontal direction (c). Frequencies
and polarizations in each direction with the coordinate system as detected with the CCD-camera (d).

Horizontal - perpendicular to gravity

Additionally, light can be shined into the chamber at a viewport aligned on the horizontal axis
along the 𝑦-direction, such that interferometer output ports can be detected by the camera. The
main purpose of this horizontal axis is to perform interferometry with double Bragg diffraction as
the work presented in sec. 7.2. Two light beams originating from different AOMs are overlapped
in linear perpendicular polarization (lin⊥lin) before the Ąber and retro reĆected from a mirror
(Thorlabs BB1-E03, KC1-T/M) at the other end of the chamber, passing a Ú/4-wave plate
(Thorlabs WPQ10M-780) twice. The optics are shown in Ąg. 3.4(c) with their to scale position
relative to the atom chip. The diameter of the beam splitting light Ąeld is requested to be
as large as possible, since the atoms fall through the light Ąeld due to gravity. On the other
hand a large beam diameter reduces the peak light intensity. The current telescope (Thorlabs
F810APC-780) mounted in a Gimbal mount (Thorlabs KC45D) has a collimated beam
diameter of × = 7.5 mm, which is a good compromise between size and available light intensity.
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If the vertical beam center position is too close to the atom chip, diffraction at the edge of the
chip occurs, causing amplitude as well as phase inhomogeneities which disturbs the manipulation
of the atoms during interferometry. Thus, the telescope can be shifted with its mount in a range
of approx. 1 cm along the 𝑧-direction to adjust the Gaussian shape relative to the atoms and its
size reduced by an adjustable aperture (Thorlabs CP20S).

3.3 Adjustment procedure of atom chip and beam splitter

Due to the horizontal positioning of the atom chip inside the experimental chamber, the chip itself
can be used as a retro-reĆector for a beam splitting light Ąeld oriented along gravity. In that way,
an astonishingly simple and compact setup is formed to measure gravity. Before a gravimeter
can yet be implemented the adjustment of the atom chip as well as beam splitter relative to
gravity has to be performed. Since the atom chip is not accessible for a direct alignment, the
parallel orientation of the beam splitting light Ąeld along gravity can be only achieved by tilting
the hole capsule. As reference access only the lower vacuum port used for the beam splitter is
available. A method to tackle this adjustment procedure has been Ąrst described in a Bachelor
thesis [204] and is schematically summed up in Ąg. 3.5. Instead of using the beam splitting optics
described in sec. 3.2, a combination of a smaller pentaprism (CCM1-PS932/M) and a Ąber

(a) (b)

(d) (c)

𝐿

collimator

pentaprism

atom chip

liquid surface

Figure 3.5: Adjustment procedure to align the atom chip perpendicular to gravity. With a collimator
Ąxed to the drop capsule, a level beam is aligned perpendicular to gravity using a pentaprism (a,b).
In a second step the level beam is deĆected via again a pentaprism, but now in an external position, on
a liquid surface. Using the retro-reĆection from the liquid surface as a reference, the capsule is leveled
in two dimensions such, that the atom chip is aligned acting as an inertial reference perpendicular to
gravity (c,d). (This picture is a combined adaption from Ąg. 3.6 and Ąg. 3.8 in ref. [204].)
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collimator with 1 mm beam diameter (SuK 60FC-A4,5) has proven to be the best choice for
this adjustment. The pentaprism takes care, that the laser beam is always reĆected by 90◇ and
the smaller laser beam is less susceptible to apertures in the vacuum system and requires less
laser power to work with. In a Ąrst alignment step the incoming level beam needs to be adjusted
by beam walking with two mirrors (Thorlabs BB05-E03, KC05-T/M), in a way that the
beam splitting light Ąeld is properly retro-reĆected and therefore perpendicular to the atom chip.

The Ąber collimator is now Ąxed to the drop capsule and acts as a substitute for the atom chip
surface. By moving the pentaprism to an external position and with the retro-reĆection from a
liquid surface the whole capsule can now be leveled by two adjustable feet until the reĆected
beam is overlapped with the incoming one. This leveling needs to be performed iterative in two
dimension until the capsule is fully aligned relative to gravity. Hereby, the distance 𝐿 of the
external position and the distance between level beam and atom chip deĄne how sensitive the
alignment can be performed. After this process, the beam splitting optics is reattached and the
light Ąeld is retro-reĆected, by coupling it back into the optical Ąber to the optics distribution
module. For the beam splitting optics itself a pentaprism is not mandatory and two mirrors
for alignment can be used as well, since the orientation of the beam splitting telescope itself is
no longer of importance, if the atom chip stays in place. The tilt of the capsule is long-term
monitored with a commercial dual-axis tiltmeter (Variohm g-nsdog2-021) read out via USB.

Distortions on the atom-chip surface

After the alignment, the beam has a certain position where it is reĆected from the atom-chip
surface which is depicted in ref. 3.6 with the condensate ideally centered in the beam proĄle.

𝑥

𝑦

𝑧

Fig. 3.6: Defects on the atom chip surface illu-
minated by laser light. The red circle indicates
the position of the central atom-chip structures.

Due to its optical properties the atom chip is not
an ideal reĆector. The surface of the atom chip is
made of a dielectric transfer coating which is spec-
iĄed to reach a surface quality of up to Ú/10 [205].
Out of the box, this appears be of a quality on
a level comparable to a standard mirror, but the
surface is quite fragile. Figure 3.6 shows how the
surface of the atom chip in the QUANTUS-1 exper-
iment looks like in reality, when illuminated with
laser light from lower viewport with large diameter.
What is to be seen there, are clearly visible cracks
in the surface. These cracks appeared after the
bake-out procedure of the vacuum, even at compa-
rably low temperatures. Also the underlying chip
structures are illuminated, since the coating is thin
and the overall reĆectance is only in the order of
85%. For the magneto-optical trap, the quality of
reĆected beam is sufficient, but to realize undis-
turbed beam splitting with this surface quality will
be more demanding. For this reason the employed
transfer coating is not the ideal technique in terms
of surface quality. Possible alternative techniques
with which superior surfaces of really optical quality
might be reached are discussed in sec. 8.3.



CHAPTER 4

Concepts for light-pulse atom interferometry

A fascinating insight in nature is granted by performing interference experiments with solid
particles. While rather microscopic in size, atoms still show a classical and particle-like behavior
in many aspects. From todayŠs perspective it only requires fairly simple arrangements to observe
other properties of massive objects, that can only be described taking into account their wave
nature and once more reveal the duality between waves and particles. Quantitatively this is
expressed by the de Broglie wavelength Ú𝑑𝐵 = ℎ/𝑝 = ℎ/(𝑚𝑣) [206] connecting the particles
momentum 𝑝 with PlanckŠs constant ℎ to a wavelength Ú𝑑𝐵 that determines its wave properties.
Experimentally, the wave nature has been demonstrated by various interference experiments
for particles with increasing mass, starting from electrons over neutrons and atoms up to
molecules [207Ű210]. Groundbreaking experiments with molecules and clusters with impressive
sizes, orders of magnitudes beyond the mass of single atoms, have been performed over recent years,
for example in the group of M. Arndt in Vienna [211, 212], and lead to tests of the macroscopic
boundaries of quantum mechanics [213, 214]. Unlike photons from a monochromatic source, such
as a laser with enormous coherence properties, thermal or laser cooled atomic and molecular
ensembles are only well suited for performing white light or single particle interferometry, where
the path length for both parts of the wave packet is equal or reasonable close to equality. This
situation changes if one performs interference experiments with Bose-Einstein condensates which
achieve coherence lengths of the order of a millimeter and enable the observation of spatial
interference opening up new methods of deducing variables in a single experiment [98, 100].

In this chapter an overview of the theoretical concepts needed as a prerequisite for the later
on performed atom interferometry experiments is given. A strong focus lies on methods to
coherently manipulate atoms with laser light. Atom-light interaction is today a common and
reliable technique to manipulate neutral atoms. While for instance Keith et al. [209] still used
crystalline gratings to diffract atoms, Rasel et al. introduced gratings formed by light [215].
Today, rather than using stationary gratings, the application of light pulses is preferred instead [7,
8], since the interaction times and temporal pulse shapes are very well controllable parameters
(sec. 4.1). Additionally, optical lattices offer another way to transfer a large amount of momentum
to atoms by so called Bloch oscillations (sec. 4.2) which allow to efficiently manipulate atomic
motion. With those beam splitters available, it is possible to apply a series of manipulations
realizing an atom interferometer. Among the different possibilities to realize an interferometer,
the Mach-Zehnder interferometer (MZI) which is a symmetric geometry and consists of three
light pulses is a real workhorse in atom interferometry. It is in particular the favorite topology
used for atomic gravimeters and its characteristics and features will be introduced (sec. 4.3).
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4.1 Light-pulse manipulation

A key element to realize an atom interferometer is the employment of an adequate manipulation
process able to split and recombine the atomic trajectories. The method of choice is hereby light-
pulse manipulation. Especially since the development of lasers one has a very powerful technology
at hand to control light Ąelds being resonant to an atomic transition. A proper theoretical
description of atom-light interaction based on quantum mechanics is to Ąnd the solution for
the time-dependent Schrödinger equation. This is brieĆy done by introducing the Rabi model,
which provides an easy way to understand these beam splitting processes (sec. 4.1.1). One way
to experimentally perform light-pulse beam splitting is Bragg diffraction which has been used
previously in various experiments (sec. 4.1.2). Bragg diffraction has advantages and differences
compared to Raman diffraction which is spread especially in atom interferometry. A rather new
extension of this technique is the so called double Bragg diffraction introduced theoretically in [79]
which has very recently been realized in the QUANTUS-1 experiment [80]. Bragg diffraction is a
powerful tool and at the same time pairs very well with Bose-Einstein condensates, since the
velocity dispersion of the ensemble is of major relevance for the manipulation Ądelity (sec. 4.1.3).

4.1.1 Rabi oscillations in a two-level system

A simple but extremely valuable method to describe the time evolution of an atomic wave

function under the inĆuence of a resonant electromagnetic Ąeld
⇀
𝐸 =

⇀
𝐸0cos(æ𝑒𝑔á + ã) with

frequency æeg = æ𝑒 ⊗ æ𝑔 are so called ŞRabi oscillationsŤ. An idea of the Rabi formalism is
presented in the following. Hereby, only two atomic states are taken into account, namely
the ground state ♣𝑔⟩ and the excited state ♣𝑒⟩. These states are deĄned by their eigenenergies
𝐸g = ℎ̄æg and 𝐸e = ℎ̄æe respectively and do not necessarily have to reĆect the internal energy
structure of an atom. To determine these statesŠ evolution after a given time á one applies the
following Hamiltonian

�̂� = �̂�pot + �̂�int = 𝐸e ♣𝑒⟩ ⟨𝑒♣ + 𝐸g ♣𝑔⟩ ⟨𝑔♣ ⊗
⇀

𝑑 ≤
⇀
𝐸, (4.1)

that is deĄned only by the potential energy and a coupling term between the atomic dipole

moment
⇀

𝑑 = ♣𝑒♣⇀
𝑟𝑒 and the electromagnetic Ąeld

⇀
𝐸 to the time dependent Schrödinger equation

⊗𝑖ℎ̄
d
d𝑡

♣𝛹(á)⟩ = �̂� ♣𝛹(á)⟩ . (4.2)

The solution of this eigenvalue problem is given by a wave function, which is the superposition of
both states exclusively dependent on the duration of the interaction á

♣𝛹(á)⟩ = 𝑎g(á) ♣𝑔⟩ + 𝑎e(á) ♣𝑒⟩ , (4.3)

with the probability amplitudes 𝑎g(á) and 𝑎e(á) to Ąnd the atom either in ground or excited
state. Starting from the ground state, the atom will with a certain probability pick up an energy
of 𝐸eg = 𝐸e ⊗ 𝐸g = ℎ̄æeg to be transferred into the excited state and vice versa. The probability
amplitudes for a light Ąeld, that is resonant to the transition frequency, are given by

♣𝑎𝑒(á)♣2 = 𝑃e(á) =
1
2

[1 ⊗ cos(𝛺egá)]. (4.4)

The probability to Ąnd an atom still in the ground state is deĄned recursively by the relation
𝑃e(á) + 𝑃g(á) = 1. As a measure of coupling strength the Rabi frequency 𝛺eg is introduced here:
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𝛺eg ⊕ ⟨𝑒♣
⇀

𝑑 ≤
⇀
𝐸 ♣𝑔⟩

ℎ̄
=

𝐷 ≤ 𝐸0

ℎ̄
=

√︂

𝐼[𝐼sat]
2

𝛤, (4.5)

rewritten for the initially proposed two state assumption with an intensity of the light Ąeld 𝐼[𝐼sat]
in terms of saturation intensity 𝐼sat and a natural linewidth of the transition 𝛤 . In the case of a
non-resonant light Ąeld the effective Rabi frequency 𝛺eff has to be taken into account, that is
modiĄed by the detuning Ó = æeg ⊗ æ0 of the light Ąeld relative to the transition frequency

𝛺eff ⊕
√︁

♣𝛺eg♣2 + Ó2. (4.6)

This effective Rabi frequency always leads to a faster oscillation, but the amplitude of the
oscillation is reduced by the ration between resonant and effective Rabi frequency. The new
formula for the transition probability 𝑃e(á,Ó) additionally depends on the detuning

𝑃e(á,Ó) =
1
2

(︂

𝛺eg

𝛺eff

)︂2

[1 ⊗ cos(𝛺effá)]. (4.7)

For a vanishing detuning Ó this formula returns to its original form in eq. 4.4 and for a large
detuning the oscillation vanishes completely. Fig. 4.1 shows Rabi oscillations for the resonant case
or a small detuning Ó/𝛺eg. Two important points for atom interferometry are deĄned by their
enclosed pulse area: ŞÞ/2Ť- and ŞÞŤ-pulses. These points are given by the speciĄc interaction
times Þ/(2 𝛺eff) ⊕ áÞ/2 and Þ/(𝛺eff) ⊕ áÞ needed to achieve a probability of half respectively
full times the amplitude for an atom to undergo a transition into the excited state. Due to
their function in an interferometer these points are called Şbeam splitterŤ/Şbeam combinerŤ and
ŞmirrorŤ for atoms, like their counterparts in optics for light beams. In principle, this deĄnition
comprises everything required to realize an atom interferometer, but for a real experiment there
are some useful extensions to this simple two state model, which is discussed in the following.
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Figure 4.1: Rabi oscillations 𝑃e (á) (a) in the two-level system (b) plotted for a resonantly driven
light Ąeld (solid black line) and for two different detunings Ó of 1

2
𝛺eg and 𝛺eg (red and blue dashed

line) with reduced amplitudes and larger Rabi frequencies. The conditions for ŞÞ/2 pulseŤ and ŞÞ
pulseŤ are marked in the resonant oscillation. These conditions lead to a superposition - called a
Şbeam splitterŤ or ŞmixerŤ - or a total inversion of the population - named a ŞmirrorŤ.
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Two-photon coupling: stimulated absorption and emission

♣𝑖⟩
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Fig. 4.2: Schematic depiction of the
stimulated two-photon coupling be-
tween the states ♣𝑒⟩ and ♣𝑔⟩ via an
intermediate level ♣𝑖⟩ by two light
Ąelds æ1 and æ2. Hereby 𝛥 and Ó
denote the detuning to the interme-
diate state ♣𝑖⟩ respectively the detun-
ing from the two-photon resonance
æeg = æ12 ⊗ Ó ⊕ ♣æ1 ⊗ æ2♣ ⊗ Ó.

Rabi oscillations as described above can only be driven effi-
ciently if the Rabi frequency 𝛺eff is large compared to the
lifetime á of the ground and excited state. Otherwise, a short
lived excited state will cause an immediate loss of atoms,
which are no longer contributing to the oscillation. Tran-
sitions, where single photons couple two long lived states,
might be available in clock transitions and there are recent
proposals to utilize them for atom interferometry [216, 217].
Nevertheless, these transition are either complex to handle,
since they are probed by ultra-stable lasers in optical clocks
as for Ytterbium or Strontium [6, 218], or in the micro-wave
range as for Rubidium or Cesium [52, 53]. The commonly
used method is operating on an optical transition, that is not
coupled by only one but rather two photons. The two photons
are each non-resonant to a common atomic transition, but
with a difference in frequency equal to the energy between
ground and excited state æ12 ⊕ ♣æ1 ⊗ æ2♣ = æeg + Ó. For such
a transition a third and intermediate state ♣𝑖⟩ is introduced
according to Ąg. 4.2. The intermediate state can now be
short lived itself, since it is only virtually populated, but
rather enables decent coupling via simultaneous stimulated
absorption and emission. The resulting two-photon Rabi
frequency to drive the transition is a simple multiplication of
both single photon Rabi frequencies 4.6 divided by two times
the common detuning 𝛥 to the intermediate state ♣𝑖⟩

𝛺12 ⊕ 𝛺*
1𝛺2

2𝛥
=

𝛤
√︀

𝐼1[𝐼sat]𝐼2[𝐼sat]
4𝛥[𝛤 ]

. (4.8)

Spontaneous decay rate

A fundamental loss mechanism occurring during this type of coherent manipulation is spontaneous
emission, although it is suppressed by the fact that the two-photon transition is off-resonant by
the detuning 𝛥 relative to the intermediate state ♣𝑖⟩. The rate of residual spontaneous decay
depends on the intensity of the light Ąeld 𝐼 and the off-resonant detuning 𝛥 and is given by

𝑃sp =
𝛤

2
𝐼[𝐼sat]

(2𝛥[𝛤 ])2
, (4.9)

expressed in terms of the natural linewidth 𝛤 and saturation intensity 𝐼sat. Comparing 4.8
and 4.9 it is easily seen, that to further suppress spontaneous emission while keeping the Rabi
frequency constant, one needs to operate at higher detunings and laser intensities. So for
sufficiently available laser power it is possible to drive a beam splitting process under almost
loss-less conditions. The suppression of spontaneous emission is only limited by the available
laser power and the use of high power laser systems is beneĄcial for high Ądelity beam splitting.
The high-power laser system used in the QUANTUS-1 experiment is presented in chp. 3.
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One-photon AC-Stark shift

Apart from actively coupling a transition during a light-pulse manipulation, the sole presence of
an off-resonant light Ąeld has still an inĆuence on the atomic energy structure. This so called
one-photon AC-Stark shift causes a shift of the eigenenergies of the undisturbed Hamiltonian
resulting in a frequency shift, dependent on detuning 𝛥 and Rabi frequency 𝛺 of a light Ąeld [219]

æAC =
𝛺2

4 𝛥
. (4.10)

To calculate this frequency shift all possible couplings of each present light Ąeld to an upper
multiplet state have to be taken into account. For a two-photon light Ąeld consisting of
frequencies æ1 and æ2 with a frequency difference æ12 the sum over all these couplings is

æAC
𝑗 =

∑︁

𝑘

𝛺2
𝑘,1

4 æ𝑘,1
+
∑︁

𝑘

𝛺2
𝑘,2

4 æ𝑘,2
. (4.11)

with the respective detunings æ𝑘,1 and æ𝑘,2 to the multiplet state ♣𝑘⟩ with their respective Rabi
frequencies weighted by the Clebsch-Gordon coefficients. In the case of a two-photon light Ąeld
this results in an additional differential shift of the resonance frequency æAC

diff ⊕ æAC
e ⊗ æAC

g .

Momentum-state coupling: photon recoil and Doppler shift

A two-photon transition as displayed in Ąg. 4.2 is fully characterized by the transition frequency æ𝑒𝑔

as a measure of the energy difference between ground state ♣𝑔⟩ and exited state ♣𝑒⟩. Using an
atom interferometer for inertial sensing requires to read out the external degrees of freedom,
i.e. the atomic motion relative to a reference frame. The projection of the atomic motion to
distinct momentum states comes into play, since during the interaction photons do not only

transfer energy but as well momentum ℎ̄
⇀

𝑘 to the atoms. Photon pairs transfer their largest

momentum ≡ 2ℎ̄
⇀

𝑘 for counter-propagating light Ąelds and the smallest ≡ 0 for co-propagating
beams as depicted in Ąg. 4.3(a). In the general case of an 𝑛th-order transition the total momentum
transferred is the linear combination of 𝑛 photon pairs scattered from two laser beams

𝑛
⇀

𝑘eff = 𝑛
(︁

⇀

𝑘i,1 ⊗
⇀

𝑘i,2

)︁

≡ 2𝑛ℎ̄
⇀

𝑘. (4.12)

Hereby the notion ℎ̄♣
⇀

𝑘eff ♣ = ℎ̄𝑘eff is introduced to identify the effective momentum transferred
during a two-photon process, not to be confused with the wave vector of single photons denoted

by ℎ̄♣
⇀

𝑘♣ = ℎ̄𝑘. The total momentum transfer 𝑛ℎ̄𝑘eff ≡ 2𝑛ℎ̄𝑘 in a two photon process driven by
counter-propagating laser beams is always an integer number 2𝑛 of photon pairs and can be
large, since it may include a large number of photons. Furthermore, the dispersion relation of
a free particle is parabolic, in consequence any offset momentum ♣⇀

𝑝♣ = 𝑝0 has to be taken into
account. The offset ⇀

𝑝 can intuitively be explained as the Doppler shift resulting from a motion
of the atoms relative to the light Ąelds and returns back to ⇀

𝑝 = 0 for atoms at rest.
The Rabi model is now employed to calculate the coupling between momentum states. To

parametrize the atomic motion dependent on photon recoil and Doppler shift an initial state ♣𝑝0⟩
and a 𝑛th-order kicked state ♣𝑝𝑛⟩ are introduced representing the two momentum states

♣𝑝0⟩ ⊕ ♣⇀
𝑝⟩ and ♣𝑝𝑛⟩ ⊕ ♣⇀

𝑝 + ℎ̄
⇀

𝑘eff⟩ , (4.13)
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with their respective eigenenergies in an electromagnetic Ąeld
⇀
𝐸

𝐸⇀
𝑝 =

⇀
𝑝2

2𝑚
, 𝐸⇀

𝑝 +ℎ̄
⇀
𝑘eff

=
(⇀
𝑝 + ℎ̄

⇀

𝑘eff)2

2𝑚
and

⇀
𝐸(⇀

𝑥,𝑡) =
⇀
𝐸0cos(æ𝑡 ⊗

⇀

𝑘eff ≤ ⇀
𝑥 + ã). (4.14)

These give rise to a new Hamiltonian which is solved accordingly to eq. 4.1

�̂� =
⇀
𝑝2

2𝑚
+ 𝐸⇀

𝑝 +ℎ̄
⇀
𝑘eff

♣⇀
𝑝 + ℎ̄

⇀

𝑘eff⟩ ⟨⇀
𝑝 + ℎ̄

⇀

𝑘eff ♣ + 𝐸⇀
𝑝 ♣⇀

𝑝⟩ ⟨⇀
𝑝♣ ⊗

⇀

𝑑 ≤
⇀
𝐸(⇀

𝑥,𝑡). (4.15)

The solution of this system only provides two additional frequencies contributing to the resonance
condition of the transition. The Rabi oscillation itself behaves exactly the same and an identical
Rabi frequency applies as for the coupling of two internal states in eq. 4.8. The Ąrst of these
additional terms is the recoil frequency ær of the two-photon light Ąeld, while the second one is
the Doppler frequency æ0 dependent on the initial momentum ⇀

𝑝

ær =
ℎ̄
⃒

⃒

⃒

⇀

𝑘eff

⃒

⃒

⃒

2

2𝑚
and æ0 =

⇀
𝑝 ≤

⇀

𝑘eff

𝑚
. (4.16)

This coupling in the atomic motion picture between the initial state ♣𝑝0⟩ and kicked state ♣𝑝𝑛⟩ of
an atom is completely independent from any internal energy structure ♣𝑎⟩ and ♣𝑏⟩

♣𝑎,𝑝0⟩ ⊕ ♣𝑎⟩ · ♣𝑝0⟩ and ♣𝑏,𝑝𝑛⟩ ⊕ ♣𝑏⟩ · ♣𝑝𝑛⟩ . (4.17)

In eq. 4.17 the momentum states ♣𝑝0⟩ and ♣𝑝𝑛⟩ can be decoupled from the internal energy structure
♣𝑎⟩ and ♣𝑏⟩ such that different types of diffraction are possible [65]. If the initial state ♣𝑎⟩ ⊕ ♣𝑔⟩ is
an atomic ground state, the Ąnal state can be ♣𝑏⟩ ⊕ ♣𝑒⟩ or ♣𝑏⟩ ⊕ ♣𝑔⟩ depending if a state change is
included or not as shown in Ąg. 4.3(b). A coupling including an internal state change is called
ŞRamanŤ-type diffraction, while the one without is called ŞBraggŤ-type diffraction.
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Figure 4.3: DeĄnition of the effective wave vector 𝑘eff for the coupling of momentum states depending
on beam conĄguration and the use of a retro-reĆection mirror (a). As a result Doppler shift æ0 and
recoil frequency ær are introduced. Three possible couplings from a ground state ♣𝑔⟩ · ♣𝑝0⟩ to a target
state with and without 2 ℎ̄𝑘 momentum transfer and/or internal state change ♣𝑔⟩ ⊃ ♣𝑒⟩ (b).
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4.1.2 Bragg and double Bragg diffraction

2𝛩𝑑
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Fig. 4.4: Analogous to a crys-
talline grating for light (a), atoms are
diffracted from a traveling lattice fol-
lowing the Bragg condition (b). The
grating constant 𝑑 in this role reversal
between light and matter is replaced
by the laser wave length Ú. Coupling
scheme for Ąrst-order Bragg diffrac-
tion between ♣𝑝0⟩ and ♣𝑝1⟩ (c).

A method to realize a beam splitter for atoms is Bragg
diffraction [220, 221], that is deĄned analog to the diffraction
of electromagnetic radiation from a crystal [222, 223], where
an atomic beam or ensemble is diffracted from a traveling
light wave following the original Bragg condition

𝐸kin = 4𝑛 ≤ ℎ̄ær = 𝑛 ≤ ℎ̄(æ1 ⊗ æ2). (4.18)

For the case of Ąrst-order diffraction with 𝑛 = 1, this equation
gives a very intuitive classical picture of what happens during
the scattering process and the corresponding level scheme
for the Ąrst-order transition is depicted in Ąg. 4.4. An atom
scatters two photons from a traveling light wave if their beat
frequency æ1 ⊗ æ2 matches the energy 𝐸kin an atom has to
absorb to proceed upwards on the kinetic energy parabola.
Applying the last sectionŠs formalism for the two-photon
transition, only photon recoil ær and Doppler shift æ0 have to
be taken into account, deĄning the transition frequency æ𝑛

which drives the beam splitting process

æ𝑛 = 2𝑛 ≤ ær + æ0. (4.19)

So the Bragg diffraction is a transition exclusively between
momentum states ♣𝑝0⟩ and ♣𝑝1⟩ (or ♣𝑝𝑛⟩ in the case of larger
momentum transfer) deĄned in eq. 4.13 and does not rely on
any internal energy structure. Another result of the absence
of internal state coupling is that, since the initial and target
state are equal, it has a vanishing differential AC-Stark shift

æAC
Bragg ⊕ æAC

a ⊗ æAC
b ⊃ æAC

g⊃g = 0 + 𝑂2. (4.20)

Since the Ąrst observation of Bose-Einstein condensates, inter-
ference experiments have been performed where condensates
are coherently manipulated with Bragg diffraction [61, 62].
The absence of internal state coupling makes Bragg diffrac-
tion comparably simple to realize and applicable to a variety
of atomic species which do not provide a hyperĄne splitting
of their ground state [224, 225]. To drive Bragg diffraction
with laser light, either a standing waves is used with atoms
traveling under an angle [226, 227] or two different retro-
reĆected frequency components are used. Unlike Raman
diffraction no pair of phase-locked lasers is required, because
both frequencies to form the lattice can be derived from a
single laser. The frequency difference from eq. 4.19 can be
generated by acousto-optical modulators if the Doppler shift
does not get too large during free fall or after launch.
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Double Bragg diffraction
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Fig. 4.5: Double Bragg diffrac-
tion level scheme driven by two
retro-reĆected light Ąelds æ1 and æ2.
Hereby, 𝛥 denotes the detuning to
the upper state and ær denotes the re-
coil frequency. The wave function of
an atom is simultaneously diffracted
in two directions by ∘2 ≤ ær if the
Doppler shift æ0 vanishes.

A relevant extension on Bragg diffraction is occurring if
a retro-reĆected pair of laser beams interacts with atoms
that are at rest with respect to the beams, such that the
Doppler shift æ0 vanishes. In such a case, the transitions with
opposing effective wave vectors are degenerate in frequency
and diffract the atomsŠ wave function in both directions at
the same time. The relative momentum splitting between
both arms in an interferometer is then increased to 4ℎ̄𝑘. The
occurrence of this symmetric diffraction is called Şdouble
Bragg diffractionŤ, according to the equivalent beam splitter
introduced a couple of years ago for Raman transitions [77].
In order to not confuse the two diffraction techniques, the
traditional Bragg diffraction can be referred to as Şsingle or
uni-directional Bragg diffractionŤ, since only a single pair
of laser beams drives the transition, while the other one
is off resonant. The basic coupling scheme for Ąrst-order
double Bragg diffraction is depicted in Ąg. 4.5. The transition
frequency is given by the original Bragg condition in eq. 4.18
with recoil frequency ær. However, Rabi oscillations are
more complicated, since more states have to be taken into
account. The theoretical calculation of the Rabi oscillations
has been described in ref. [79]. This kind of beam splitting
has several new features for atom interferometry due to the
intrinsic symmetry of the diffraction. Most prominently, the
population of the output ports does no longer depend on the
laser phase ∆ãLaser, since both parts of the wave function get
the same lasers phases imprinted during each pulse.

More detailed work on the experimental realization of using double Bragg diffraction for a
quantum tiltmeter in the QUANTUS-1 experiment can be found in refs. [80, 228]. Double
Bragg diffraction is an ideal beam splitting process for a microgravity environment, since there
is initially no Doppler effect to lift the degeneracy between the two different beam pairs from
retro-reĆection. The straight forward way to realize double Bragg diffraction on ground is to
implement a beam splitter, which is aligned perpendicular to gravity, such that the Doppler
shift due to the free fall vanishes. The experimental challenge is then to align the beam splitter
precisely perpendicular to gravity and handle each residual horizontal motion of the atoms to
minimize the asymmetry between the diffraction to left and right. With a laser beam along
gravity it is in general no longer possible to drive both arms of the symmetric beam splitter
with just a pair of two retro-reĆected frequencies. As the Doppler shift lifts the degeneracy of
the transition during free fall, one beam pair would always be out of resonance with the atoms.
Within this thesis, two applications of double Bragg diffraction are shown. The Ąrst application
is to implement the mirror pulse for the relaunch sequence in sec. 5.3. The second application
is to realize a symmetric scalable large momentum transfer beam splitter in combination with
an optical lattice in horizontal direction. The possibility to combine double diffraction with
an optical lattice has been proposed before [229], but has not been realized until now. This
combination offers a beneĄcial scaling behavior which is investigated in sec. 7.2.
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Higher-order diffraction and sequential transitions in the Bragg regime

The Bragg condition in eq. 4.18 does already include the case of scattering more than one photon
pair at a time leading to the population of higher-order momentum states ♣𝑝𝑛⟩ since ideally every
momentum state in between is not in resonance and should not be populated. A level scheme for
higher-order transitions is given in Ąg. 4.6(a). The simultaneous scattering of 𝑛 pairs of photons
has been experimentally realized up to 𝑛 = 12 resulting in a 24 ℎ̄𝑘 large momentum transfer
beam splitter [67]. Since the Doppler spacing between each individual Bragg order is only 30 kHz
for 87Rb, this leads to the case in which multiple orders can be populated.

Although the resonance frequency of the nth-order Bragg transition is given by the original
Bragg condition times the order 𝑛 in eq. 4.18, the calculation of the transition probability requires
further considerations beyond the simple two state assumption [230]. The ratio of laser power 𝐼 or
respective Rabi frequency 𝛺eff used for driving the transition and the length of the interaction á
are of major importance. The ratio of these parameters deĄnes if a clean oscillation into a single
momentum state is possible or if multiple states are always populated, independently of the
velocity distribution of the ensemble. These conditions are depicted in Ąg. 4.6(b), with clean
oscillation only possible in the so called ŞBragg regimeŤ. For the operation in the Bragg regime a
generalized transition probability 𝑃𝑛 in ref. [230] is given by

𝑃𝑛(á) = sin2

[︂

´ á
0 dá ′𝛺𝑛(á ′)

2

]︂

with 𝛺𝑛(á) =
[𝛺𝑒𝑔(á)]2𝑛

22𝑛⊗1𝛥1 ≤ ... ≤ 𝛥2𝑛⊗1
, (4.21)

with a new Rabi frequency 𝛺𝑛 to drive the 𝑛th-order transition which requires a quadratic
increase in laser power 𝐼 for a constant Rabi frequency. An approximate solution in ref. [230]
shows conditions for a so-called Şquasi Bragg regimeŤ in which the probability to couple a single
higher-order state is signiĄcantly higher as for all other orders via short and intense pulses.
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Figure 4.6: Level scheme of the 𝑛th-order Bragg diffraction, in which a momentum of 2𝑛ℎ̄
⇀

𝑘 is
imprinted on the wave packet. The transition frequency is given by multiples of the recoil frequency
2𝑛 ≤ ær (a). The different diffraction regimes are deĄned depending on the interaction time á times
the recoil frequency ær and laser intensity 𝐼 in terms of the saturation intensity 𝐼sat. Only in the
Bragg regime a single diffraction order can be purely populated. Coupling in all other regimes leads
to signiĄcant losses into other orders or to spontaneous decaying processes (b).
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Fig. 4.7: Level scheme for driving sequential
Ąrst-order transitions to circumvent the neces-
sary increase in laser power. The resonance
condition is equal to the Doppler shift obtained
in a standing wave. In general, a transition from
𝑚 to 𝑛 is calculated according to eq. 4.22.

The necessary increase in laser power to directly
drive higher-order Bragg diffraction can be circum-
vented if one uses sequential pulses. The same
momentum transfer is achieved at the cost of a
larger total time of the beam splitting process and
a more complex waveform. The resonance condi-
tion to drive the 𝑚th sequential transition with an
𝑛th-order Bragg pulse and Doppler shift æ0 is

æm,n = (4𝑚 + 2𝑛) ≤ ær + æ0. (4.22)

In principle, one is free to combine any number of
sequential transitions 𝑚 with any achievable Bragg-
order 𝑛 and obtain a transfer efficiency Ö𝑚

𝑛 . For ex-
ample, a sequence with beam splitters transferring
6 ℎ̄𝑘 each allowed for a total splitting of 102 ℎ̄𝑘 [68]
or a sequence of Ąrst order transitions allowed for
90 ℎ̄𝑘 [70] in total. In our experiment Bragg pulses
up to fourth-order can be driven with a reasonable
high efficiency, while for even higher orders the
transfer efficiency is drastically reduced.

4.1.3 Influence of a velocity distribution

So far, beam splitting is described solely using a single atom picture that is only valid for the case
of a highly monochromatic atomic ensemble. Under this condition, for an available maximum
laser power 𝐼 at a given detuning 𝛥 an interaction time á can always be found, where the
amplitude of the transition probability equals unity. The beam splitter efficiency is only limited
by fraction of atoms lost due to spontaneous decay 𝑃spá in this case. A Ąnite temperature 𝑇 and
therefore a velocity spread à𝑣 along the atomic ensemble needs to be taken into account, even
for Bose-Einstein condensates this situation may drastically change, as calculated in detail for
higher-order Bragg diffraction in ref. [66]. In general, the inĆuence of the velocity distribution is
calculated taking into account a distribution of velocities across the ensemble in frequency space,
which is for the calculations assumed to be the Gaussian distribution in one dimension

𝑓1𝐷(𝑣𝑥) =
1√

2Þà𝑣

exp

(︂

⊗(𝑣𝑥 ⊗ 𝑣0)2

2à2
𝑣

)︂

with à𝑣 =

√︂

𝑘B𝑇

𝑚
, (4.23)

with an arbitrary offset velocity 𝑣0. The Gaussian width à𝑣 in eq. 4.23 is deĄned by the
ensembleŠs temperature 𝑇at, the Boltzmann constant 𝑘B and the single particle mass 𝑚. The
three-dimensional distribution with ⇀

𝑣2 = 𝑣2
𝑥 + 𝑣2

𝑦 + 𝑣2
𝑧 and offset ⇀

𝑣0 for a uniform à𝑣 is then

𝑓3𝐷(⇀
𝑣) =

1

(2Þ)3/2à3
𝑣

exp

(︂

⊗(⇀
𝑣 ⊗ ⇀

𝑣0)2

2à2
𝑣

)︂

. (4.24)

The excitation probability 𝑃 for a given velocity ⇀
𝑣 takes into account the distribution in eq. 4.24

using the volume element 𝑑3𝑣 as a probability for atoms with the velocity 𝑣 in the distribution

𝑃 (á) = 𝑓3𝐷(⇀
𝑣) d3𝑣 ≤ 𝑃 (⇀

𝑣,á) ∝ ⇀
𝑣 ≤

⇀

𝑘eff ⊕ 𝑣′
𝑥. (4.25)
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To calculate the total excitation probability as an integral over all velocities in the distribution,
one needs to remember the fact, that in eq. 4.7 the detuning Ó enters, which is calculated via the

projection of the velocity ⇀
𝑣 onto the wave vector

⇀

𝑘eff . The three-dimensional integral reduces to

a one-dimensional integral over the new velocity 𝑣′
𝑥 aligned along

⇀

𝑘eff where offsets 𝑣′
0 = 0 have

been transformed away by central adjustment of the laser frequency

𝑃1𝐷(á) =
ˆ ˆ ˆ

𝑓3𝐷(⇀
𝑣)𝑃 (⇀

𝑣,á) d3𝑣 =
ˆ

𝑓1𝐷(𝑣′
𝑥,á)𝑃1(𝑣′

𝑥,á) d𝑣. (4.26)

However, not only the velocity spread à𝑣 has to be taken into account because an ensemble also
has a Ąnite size à𝑥 = à𝑦 = à𝑧 and position ⇀

𝑥2 = 𝑥2 + 𝑦2 + 𝑧2 in a Gaussian beam with a given
diameter æ. The Ąnite beam diameter causes a spatially dependent Rabi frequency 𝛺0(⇀

𝑥) due
to the changing intensity 𝐼(⇀

𝑥) within the beam. For a collimated beam along the 𝑥-direction

the excitation probability 𝑃 (⇀
𝑥,á) ≍ ⇀

𝑥 ≤
⇀

𝑘eff ⊃ 𝑃 (𝑦′,𝑧′,á) only depends on the position 𝑦′ and 𝑧′

perpendicular to 𝑘eff . Similar considerations as in eq. 4.25 lead to a two-dimensional equation

𝑠2𝐷(𝑦′,𝑧′) =
1

2Þà2
𝑥

exp

(︂

⊗𝑦′2 + 𝑧′2

2à2
𝑥

)︂

, (4.27)

with a Gaussian beam which is centered around the distribution such that 𝑦′
0 = 𝑦′

𝑧 = 0. From
eq. 4.27 and eq. 4.26 the total transfer efficiency in three dimensions reads as

𝑃3𝐷(á) =
ˆ ˆ

d𝑦′ d𝑧′
ˆ

d𝑣′
𝑥𝑠2𝐷 ≤ 𝑓1𝐷 ≤ 𝑃 (𝑦′,𝑧′,𝑣′

𝑥,á), (4.28)

which for the previous assumptions is computed knowing only à𝑣, à𝑥, the beam diameter æ and
the Rabi frequency 𝛺0. Usually, the velocity distribution 𝑓1𝐷 is constant in time if no external
force is acting, but the spatial distribution 𝑠2𝐷 is always a function of time, since the cloud
spreads out with à𝑣. Finding the three-dimensional probability 𝑃 (𝑦′,𝑧′,𝑣′

𝑥,á) is more complicated
if these assumptions are not valid. For example, if the distributions are more complicated, the
initial offsets are not vanishing, the beam is not homogeneous or not collimated properly.

Optimized pulse envelopes

The time evolution in section 4.1.1 was derived under certain conditions for the light Ąeld, namely
that its intensity and frequency are constant during the entire interaction period. Nevertheless,
to increase the efficiency of the beam splitting process under experimental conditions, it is
advantageous to use different kinds of pulse envelopes. Starting from a simple square or box
pulse that was assumed for the Rabi oscillation, the amplitude shape is of the form

𝐴box(𝑡) = 𝐴0 for 0 < 𝑡 < á = 1, (4.29)

with a Ąxed amplitude 𝐴0 and a pulse duration á in arbitrary units. The instantaneous switching
on at 𝑡 = 0 and off at 𝑡 = 1 leads to a sinc function as Fourier transform with a width

𝐴box(æ) =
𝐴0√
2Þ

sinc
(︁ æ

2Þ

)︁

≍ sin (æ)
æ

with æ =
2Þ

𝑡
. (4.30)

In contrast, a Gaussian pulse envelope retains its shape also in Fourier space. This is advantageous
to optimize the overlap between the Gaussian velocity distribution of the atomic ensemble in
eq. 4.23 and the frequency width of the pulse. Since a Gaussian wave form has per deĄnition no
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deĄned borders, there are slightly modiĄed versions of this pulse shape discussed in literature [181,
231], that are from a technical point of view easier applicable and have similar characteristics.
For the calculation we assume a pure Gaussian shape, that is cut off far beyond its pulse width.
The intensity proĄle of a Gaussian pulse in time and frequency is deĄned as

𝐴à(𝑡) = 𝐴0 𝑒
⊗ 𝑡2

2à2
á and 𝐴à(æ) = 𝐴0 𝑒

⊗ æ2

2à2
æ with àæ =

2Þ

2
√

2àá

(4.31)

where àá is the temporal width of the Gaussian and àæ the corresponding frequency width. A
Gaussian pulse is wider in frequency than the width of the central peak of the sinc function of a
box pulse of the same length. But it requires

√
2Þ larger amplitude to retain the same pulse area.

In addition, it does not feature any sidebands, if the slope on the Ćanks are wide enough, which
eliminates an overlap of the sidebands to higher-order momentum states. For Bragg diffraction it
is therefore mandatory to use Gaussian pulses. Otherwise, even without other inĆuences, about
≡ 10% of the atoms would be lost into higher orders as illustrated in Ąg. 4.8(a). For Bragg
spectroscopy [232] long box pulses are used instead to achieve a maximum in resolution Óæ ≍ 1

á .
A method to even increase the velocity acceptance of a beam splitter pulse is the use of

adiabatic transfer via a chirped frequency. This technique was introduced for Bragg diffraction
in ref. [69] with the use of eight fold inĆated tanh-shaped pulsed, following the proĄle

𝐴tanh(𝑡) = 𝐴0 tanh(8𝑡) tanh[8(1 ⊗ 𝑡)] with 0 < 𝑡 < 1. (4.32)

The relative laser detuning Ó is not Ąxed during the whole interaction time á , but rather chirped
from ⊗2ær to 2ær, centered around the expected transition frequency. The Fourier width àæ

is now broadened due to the frequency chirp. A velocity acceptance of roughly 0.7 ℎ̄𝑘 was
experimentally demonstrated with a waveform length of á = 300µs going far beyond anything
achievable with other pulses of this length [69]. A comparison of all three pulse shapes is given
in Ąg. 4.8(b). This technique is quite similar to Raman adiabatic passages, that can also be used
to transfer momentum with enlarged velocity acceptance at high efficiency [74].
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Figure 4.8: Insufficient overlap between atomic density proĄle and pulse shape in frequency space
cause losses into other Bragg orders and reduced excitation probability (a). Amplitude shape (solid)
and Fourier transform (dashed) of box ( ), Gaussian ( ) and tanh ( ) pulse envelopes (b).
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4.2 Atoms in optical lattices

The possibility to load cold atoms, and in particular Bose-Einstein condensates, into an optical
lattice and manipulate them [233Ű235] offers by itself many interesting physical applications, a few
of them listed in ref. [236Ű240]. For atom interferometry it is of special interest is to manipulate
atomic motion by the transfer of a large number of photon momenta with high efficiency by so
called Bloch oscillations [241] in an accelerated optical lattice, Ąrst experimentally found in 1996,
simultaneously by the groups of C. Salomon [242, 243] and M. Raizen [244, 245]. Due to its nearly
unlimited capability to manipulate the atomic motion, this technique is sometimes even called
an atomic elevator. Instead of the direct absorption and emission of 𝑛 pairs of photons as in
light-pulse interaction, a different approach is used to describe the manipulation of atomic motion
in an optical lattice. Based on the assumption of a simple spatially periodic optical potential 𝑉0

with two frequency components a band structure is derived which describes the atomic states in
the lattice equivalent to solid state physics (sec. 4.2.1). By introducing an acceleration 𝑎, i.e.
a force, of the lattice by chirping one of the frequency components, the occurrence of Bloch
oscillations is derived. With the accelerated lattice it is possible to sequentially transfer 𝑛 photon
pairs to the atoms with high efficiency (sec. 4.2.2). The calculation of the efficiency to drive
Bloch oscillations is given by two main loss mechanism, dependent on the lattice parameters,
namely spontaneous emission as derived in eq. 4.9 and losses due to inter-band transitions [246]
calculated with the Landau-Zener formalism (sec. 4.2.3).

4.2.1 One dimensional optical potentials
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♣𝑒′⟩

♣𝑒′′⟩

♣𝑔⟩
♣𝑔′⟩
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𝛥 > 0𝛥 < 0

(a)

(b)

Fig. 4.9: Level shifting by the
AC-Stark effect (a) and an op-
tical lattice formed by retro-
reĆection from a mirror (b)
with red or blue detuning 𝛥.

To describe the manipulation of atoms in optical lattices, Ąrst
the derivation of the dipole potential of a two-photon light Ąeld
is performed analogous to ref. [247]. In the presence of a light
Ąeld, the AC-Stark shift from eq. 4.10 leads to a shift of the
Eigenvalues of the Hamiltonian �̂� in a two-level system dependent
on the common detuning 𝛥 to an atomic transition as displayed in
Ąg. 4.9(a). In general, the shift of the eigenenergy 𝐸𝑖 of a state ♣𝑖⟩
due to a coupling �̂�𝑖𝑛𝑡 is derived with second-order perturbation
theory for a large detuning 𝛥 >> 𝛤 of the light Ąeld to

∆𝐸𝑖 =
∑︁

�̸�=𝑗

⃒

⃒

⃒

⟨

𝑗♣�̂�𝑖𝑛𝑡♣𝑖
⟩⃒

⃒

⃒

2

𝐸𝑖 ⊗ 𝐸𝑗
. (4.33)

For a two-level system with ground state ♣𝑔⟩, excited state ♣𝑒⟩ and

a dipole interaction of form �̂�𝑖𝑛𝑡 =
⇀

𝑑 ≤
⇀
𝐸 eq. 4.33 simpliĄes to

∆𝐸g/e = ∘♣ ⟨𝑒♣
⇀

𝑑 ♣𝑔⟩ ♣2
𝛥

♣
⇀
𝐸♣2. (4.34)

The energy shift is rewritten with the rotating-wave approxima-

tion for the dipole matrix element ♣ ⟨𝑒♣
⇀

𝑑 ♣𝑔⟩ ♣2 = 𝛤 ≤3Þ𝜀0ℎ̄𝑐3

æ3 the
electromagnetic Ąeld relation 𝐼 = 1

2𝜀0𝑐♣𝐸♣2 as

∆𝐸g/e = ∘2Þ𝑐2

3æ3
≤ 𝛤

𝛥
𝐼, (4.35)
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with the laser frequency æ, the laser intensity 𝐼 and the detuning 𝛥. The energy shift of the
ground state ∆𝐸𝑔 is equivalent to the dipole potential 𝑉dip of a far detuned light Ąeld

𝑉dip =
ℎ̄𝛺2

4𝛥
⊕ ∆𝐸g =

ℎ̄𝛤

8
≤ 𝐼[𝐼sat]

𝛥[𝛤 ]
, (4.36)

in units of the saturation intensity 𝐼sat and the natural linewidth 𝛤 using eq. 4.5. If the dipole
potential 𝑉dip is spatially depended, a force acts on the atoms, as for example in an optical dipole
trap [247]. This force on its own only indirectly interacts with the atomic dipole moment and
does not drive any transition since the detuning 𝛥 to any atomic resonance is rather large.

An optical lattice in one dimension can be obtained by retro-reĆecting a light Ąeld from a
mirror forming a standing wave as in Ąg. 4.9(b). The dipole potential of such a lattice is position

dependent in forward direction ⇀
𝑥 with the periodicity in units of the wave vector ♣

⇀

𝑘♣ = 2Þ
Ú

𝑉sw(⇀
𝑥) = 𝑉0 sin2

(︁

⇀

𝑘 ≤ ⇀
𝑥
)︁

= 4 ≤ 𝑉dip sin2
(︁

⇀

𝑘 ≤ ⇀
𝑥
)︁

=
1
2

𝑉0

[︁

1 ⊗ cos
(︁

2
⇀

𝑘 ≤ ⇀
𝑥
)︁]︁

, (4.37)

with an amplitude 𝑉0 larger than 𝑉dip by a factor of four arising from the quadratic scaling of

the light ĄeldŠs intensity 𝐼 ∝ ♣
⇀
𝐸♣2 during retro-reĆection. The amplitude of the potential 𝑉0 can

be rewritten in units of the photon recoil energy 𝐸𝑟 = ℎ̄2♣
⇀
𝑘♣2

2𝑚 = ℎ̄ær for simplicity

𝑉0[𝐸𝑟] = 4 ≤ ℎ̄𝛤

8 ≤ 𝐸𝑟
≤ 𝐼[𝐼sat]

𝛥[𝛤 ]
=

𝛤

2 ≤ ær
≤ 𝐼[𝐼sat]

𝛥[𝛤 ]
. (4.38)

Band model in periodic optical potentials

To Ąnd the wave function of an atom inside an optical lattice of the form given in eq. 4.37, usually
the assumption of an inĄnitely elongated potential 𝑉 (𝑥) is made

𝑉 (𝑥) = 𝑉 (𝑥 + 𝑑), (4.39)

with a periodicity 𝑑. The stationary Schrödinger equation with the Hamiltonian �̂� used to
describe an atom with mass 𝑚 in a potential 𝑉 (𝑥) following eq. 4.39 is in general given by

�̂� ♣𝛹𝑛⟩ =

(︂

𝑝2

2𝑚
+ 𝑉 (𝑥)

)︂

♣𝛹𝑛⟩ = 𝐸𝑛 ♣𝛹𝑛⟩ . (4.40)

Solutions of the stationary Schrödinger equation follows the Bloch theorem with the condition

𝛹𝑛,𝑞(𝑥) = ⟨𝑥♣𝑛,𝑞⟩ = 𝑒𝑖𝑞𝑥𝑢𝑛,𝑞(𝑥). (4.41)

This means the atomic wave function is separable into a plane wave 𝑒𝑖𝑞𝑥 with quasi momentum 𝑞
and an amplitude 𝑢𝑛,𝑞(𝑥) with the same periodicity as the original potential 𝑉 (𝑥). A plane wave
therefore is a solution to the Schrödinger equation

�̂� ♣𝑢𝑛,𝑞⟩ =

(︂

(𝑝 + ℎ̄𝑞)2

2𝑚
+ 𝑉 (𝑥)

)︂

♣𝑢𝑛,𝑞⟩ = 𝐸𝑛(𝑞) ♣𝑢𝑛,𝑞⟩ (4.42)

for the Hamiltonian in eq. 4.40 with the substitution 𝑝 ⊃ 𝑝 + ℎ̄𝑞 and gives rise to the eigenener-
gies 𝐸𝑛(𝑞). These Bloch states ♣𝑛,𝑞⟩ and the eigenenergies 𝐸𝑛(𝑞) are periodic functions of the
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quasi momentum 𝑞 with periodicity 2Þ
𝑙 . After the usual convention from solid state physics, 𝑞

can be bound to the interval ] ⊗ Þ
𝑙 , + Þ

𝑙 ], the so-called Ąrst Brillouin zone. A proper deĄnition of
the Brillouin zones can be found in a solid state text book, for example in ref. [248].

For the periodic potential of an optical lattice which is described in eq. 4.37, the limits to the

Ąrst Brillouin zone are given by the wave vector
⇀

𝑘 and are bound to the interval ] ⊗ ℎ̄
⇀

𝑘, + ℎ̄
⇀

𝑘]. It
is only natural to consider atomic ensembles with a momentum distribution much smaller than
à𝑣 << ℎ̄𝑘. A Bose-Einstein condensate fulĄlls this condition [234], as well as any distribution
of cold atoms which are velocity Ąltered in one dimension [242, 243]. Figure 4.10 depicts the
dispersion relation between the quasi momentum 𝑞 and the eigenenergies 𝐸𝑛(𝑞) for increasing
lattice depth 𝑉0 in units of the recoil energy starting from 1 𝐸𝑟 up to 100 𝐸𝑟. For a vanishing
potential, i.e. 𝑉0 = 0 the dispersion relation is the kinetic energy 𝐸𝑘𝑖𝑛 of a free particle and 𝑝 = 𝑞
its momentum. For a non-vanishing lattice, band gaps start to open which are increasing with the
lattice depth 𝑉0. If the lattice depth is already in the deep lattice regime (i.e. 𝑉0 > 10 𝐸𝑟), the
band curvature is Ćattening out starting from the lowest band until even a large number of bands
remain Ćat and the band gap energy becomes equidistant. Since the lattice is stationary, an
atom loaded into the fundamental band of the lattice at 𝑞 = 0 remains at the potential minimum.
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Figure 4.10: Band structure in the Ąrst Brillouin zone as a function of the quasi-momentum 𝑞
for four different lattice depths 𝑉 = 1, 10, 25 and 100 𝐸r (a,b,c,d). Band energy ∆𝐸 plotted as a
function of the lattice depth 𝑉 for 𝑞 = 0 ( and ) and 𝑞 = ∘1 ( and ) (e).
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4.2.2 Coherent acceleration by Bloch oscillations

The Bloch states ♣𝑛,𝑞⟩ are stationary solutions for wave functions of an atom inside an optical
lattice. Dynamics only enter if an additional force 𝐹 is introduced, which can be either an external
force, like gravity, or an acceleration of the lattice itself. If a spatially uniform force 𝐹 = 𝑚𝑎
acts on an atom in an optical lattice, it is no longer stationary [242] and the Bloch states ♣𝑛,𝑞⟩
are no longer eigenstates of the new Hamiltonian solving the Schrödinger equation

�̂� ♣𝛹𝑛⟩ =

(︂

𝑝2

2𝑚
+ 𝑉 (𝑥) ⊗ 𝐹𝑥

)︂

♣𝛹𝑛⟩ . (4.43)

Nevertheless, the form of the eigenstates in eq. 4.42 can be maintained

𝛹𝑛,𝑞(á)(𝑥) = ⟨𝑥♣𝑛,á⟩ 𝑒𝑖𝑞(á)𝑥𝑢(𝑥,á) (4.44)

with a time dependent quasi momentum 𝑞(á) = 𝑞(0) + 𝐹 á
ℎ̄ and the wave function 𝑢(𝑥,á) with

𝑖ℎ̄
𝑑

𝑑á
♣𝑢𝑛,𝑞(á)⟩ = �̂�𝑞(á) ♣𝑢(á)⟩ (4.45)

which solves eq. 4.43. To avoid inter-band transitions, which will be treated later on, the force 𝐹
at a given lattice depth 𝑉0 is chosen small enough, such that the adiabatic assumption

⃒

⃒

⃒

⃒

⟨

𝑢𝑛,𝑞

⃒

⃒

⃒

⃒

d
dá

⃒

⃒

⃒

⃒

𝑢𝑛′,𝑞

⟩⃒

⃒

⃒

⃒

<<
𝐸𝑛(𝑞) ⊗ 𝐸𝑛′(𝑞)

ℎ̄
with (𝑛 ̸= 𝑛′) (4.46)

is valid. Under the adiabatic assumption the new eigenstates ♣𝑢(á)⟩ are equal to the original
stationary Bloch states ♣𝑛,𝑞(á)⟩ with a time dependent quasi momentum with oscillating phase

♣𝑢(á)⟩ = 𝑒⊗𝑖[
´ á

0
𝐸𝑛(𝑞(𝑡))

ℎ̄
d𝑡] ♣𝑛,𝑞(á)⟩ . (4.47)
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Fig. 4.11: Bloch oscillation in the Ąrst Brillouin
zone caused by a force 𝐹 acting on the atoms.
If the force is weak enough to avoid inter-band
transitions, the atoms undergo an adiabatic ac-
celeration crossing the Brillouin zone.

In momentum space this oscillation causes an ac-
celeration. Because the quasi momentum 𝑞 changes
with a uniform rate 𝑣𝑛, the wave function 𝛹𝑛,𝑞(á)(𝑥)
has a periodicity of the Bloch period á𝐵𝑙𝑜𝑐ℎ = ℎ̄

♣𝐹 ♣𝑎 .
This Bloch period equals a shift in quasi-momentum
of 2Þ

𝑙 , which is a complete crossing of the Ąrst Bril-
louin zone. The expectation value of the velocity 𝑣𝑛

of an atom in a Bloch state ♣𝑛,𝑞(á)⟩ is

⟨𝑣𝑛(𝑞(á))⟩ =
1
ℎ̄

d
d𝑞(á)

𝐸𝑛(𝑞(á)), (4.48)

therefore the eigenenergies 𝐸𝑛(𝑞(á)) are a function
of 𝑞(á). Because the quasi momentum 𝑞 is swept
linearly in time á , the atomic velocity 𝑣𝑛 along the
lattice is an oscillating function and the temporal
average vanishes ⟨𝑣𝑛(𝑞(á))⟩ = 0. This oscillation is
called the Bloch oscillation and its representation
in the Ąrst Brillouin zone is depicted in Ąg. 4.11.
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The quasi momentum 𝑞 in the lowest band of the lattice can be adiabatically projected onto the
momentum states ♣𝑝𝑛⟩ of a free particle with a difference of 2 ℎ̄𝑘 between subsequent momentum
states and a Doppler shift æ0. This projection has to fulĄll the adiabatic criterion

⃒

⃒

⃒

⃒

⟨

1,𝑞

⃒

⃒

⃒

⃒

d
dá

�̂�

⃒

⃒

⃒

⃒

0,𝑞

⟩⃒

⃒

⃒

⃒

<<
𝐸1(𝑞) ⊗ 𝐸0(𝑞)

ℎ̄
⊃ d

dá
𝑉0 << 16

√
2

𝐸r

ℎ̄
𝑉0[𝐸r]

3/2, (4.49)

that the change in the potential d
dá 𝑉0 has to be much slower than the energy difference between

the bands to avoid inter-band transitions. In the experiment atoms are coherently accelerated
with Bloch oscillations in the fundamental band by a linear chirp Ð of the laser frequency
difference Óæ of a two-photon light Ąeld. The accelerated lattice generated by this chirp is very
well controllable and allows to efficiently couple momentum states ♣𝑝0⟩ ⊃ ♣𝑝𝑛⟩ by transferring
stepwise 2 ℎ̄𝑘 to the atoms as depicted in Ąg. 4.12. Initial and target frequency of the chirp can
be calculated using the conventions for sequential two-photon transitions in eq. 4.22.

𝐸

ÓæÓæ(áacc)𝑎Óæ(0)

0 ℎ̄𝑘

2 ℎ̄𝑘

4
ℎ̄𝑘

♣𝑝0⟩ ⊃ ♣𝑝1⟩

♣𝑝1⟩ ⊃ ♣𝑝2⟩

Fig. 4.12: Scheme of Bloch oscillations in the
momentum-state picture as adiabatic transfer
of 2 ℎ̄𝑘 between two momentum states [243].

The acceleration 𝑎 caused by an optical lattice is
given by the laser wavelength Ú and the change rate,
i.e. the chirp Ð, of the relative laser frequency Óæ

𝑎 ⊕ Ú

4Þ

⃒

⃒

⃒

⃒

d
dá

Óæ(á)

⃒

⃒

⃒

⃒

=
Ú

4Þ
Ð. (4.50)

If the atoms are initially loaded into a co-moving
lattice at Óæ(0) = æ0, the chirp in time áacc is given
by the recoil frequency ær and photon pairs 𝑛 which
should be scattered during the acceleration

Óæ(áacc) = æ0+áacc

⃒

⃒

⃒

⃒

d
dá

Óæ(á)

⃒

⃒

⃒

⃒

= æ0+4𝑛≤ær. (4.51)

Photon pairs are scattered from the light Ąeld in
steps of the Bloch period á𝐵𝑙𝑜𝑐ℎ = 2 ℎ̄𝑘

𝑚𝑎 and each
step transfers 2 ℎ̄𝑘 of momentum to the atoms.

Spatial localization and Wannier-Stark states

The band model description so far considers a wave function of the atoms which is completely de-
localized along the lattice. In general, this description is incomplete, but the Bloch states ♣𝑛,𝑞(á)⟩
can be used to describe (quasi-)stationary states for the localization of the atomic wave function
in several lattice sites [144, 249, 250]. In a non-accelerated lattice, the energy of all states is
degenerate in each lattice site. Only in the case of a non-vanishing acceleration 𝑎 ≠ 0, the
degeneracy is lifted and is more conveniently described by so called Wannier-Stark states [251,
252] whose detailed mathematical description can be found in ref. [253, 254].

Figure. 4.13 shows the spatial distribution of the wave function ♣ ⟨𝑧♣𝑊m⟩ ♣2 for a non-accelerated
lattice aligned along gravity with two different depths 𝑉0 = 3 𝐸𝑟 and 𝑉0 = 10 𝐸𝑟 following the
example given in ref. [255]. In the case of the deeper lattice already strong localization occurs,
while for shallow lattices a spread over many lattice sites is still present. This spread would allow
atoms to tunnel between neighboring lattice sites with distinct probability after a certain holding
time and are lost. To avoid tunneling effects between different lattice sites it is advisable to
operate in the deep lattice regime (𝑉0 > 10 𝐸𝑟), where also inter-band transitions are suppressed.
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Figure 4.13: Spatial localization obtained from Wannier-Stark states for a non-accelerated lattice
aligned along gravity with two different depths 𝑉0 = 3 𝐸𝑟 (a) and 𝑉0 = 10 𝐸𝑟 (b) following ref. [255].
For the deeper lattice the wave function is already strongly localized in a single lattice site.

4.2.3 Landau-Zener formalism

To get an estimate on the efficiency to drive Bloch oscillations and to transfer momentum, two
main loss mechanisms have to be considered. The Ąrst one is spontaneous emission calculated
according to eq. 4.9 where the time used for the acceleration áacc is of the order of several
milliseconds. Although the detuning 𝛥 is large, there is an appreciable fraction of atoms lost due
to spontaneous scattering. The surviving fraction of atoms after the acceleration time áacc is

Ösp = 1 ⊗ (𝑃spáacc) . (4.52)

The second loss mechanism arises due to insufficiently suppressed inter-band transitions, because
the lattice is not inĄnitely deep and the transfer should happen as fast as possible. For the
assumption of a lattice generated with just two counter-propagating frequency components with
difference Óæ, the chirp Ð = 4Þ

Ú 𝑎 of the lattice which is needed to transfer 𝑛 pairs of photons
during the time áacc has to follow the adiabatic criterion

⃒

⃒

⃒

⃒

d
dá

Óæ

⃒

⃒

⃒

⃒

= 𝑛ær/áacc ⊕ Ð << 𝛺2
bg. (4.53)

To calculate the efficiency of the momentum transfer depending on the properties of the light
Ąeld, the Landau-Zener formalism [246] is used. The formalism gives rise to a simple formula,
that calculates the surviving fraction of atoms for a given acceleration and band gap energy 𝛺bg

ÖLZ =

[︃

1 ⊗ 𝑒⊗ Þ
2

𝛺2
bg
Ð

]︃𝑛

. (4.54)

The power to the number of transitions 𝑛 occurs because an inter-band transition may occur at
each crossing of the Brillouin zone, i.e. whenever a photon pair is scattered. The total surviving
fraction of atoms after the acceleration is given by the product of both fractions Ötot = ÖLZÖsp

from eq. 4.52 and eq. 4.54. For shallow lattices often the effective two-photon Rabi frequency
𝛺eg = 𝑉0[𝐸𝑟]≤ær

2 is used instead of the band gap 𝛺bg which spares to solve eq. 4.42 to Ąnd the band
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structure. For lattice depths larger than 𝑉0 > 10 𝐸𝑟 using 𝛺eg underestimates the Landau-Zener
losses when the slope of band gap energy starts to decrease. Figure 4.14(a,b) shows two different
ways to parametrize the Landau-Zener losses depending on the lattice depth 𝑉0. Either, only two
photons are transferred in different times áacc, where spontaneous emission is still insigniĄcant,
or the time is left constant to áacc = 1 ms while the photon transfer 𝑛 is increased.

In ref. [229, 256] the simple formula from eq. 4.54 is extended to the treatment of a superposition
of two different momentum states by introducing an off-resonant transition in an excited band.
A similar behavior is expected if multiple lattices have to be taken into account during the
acceleration of atoms in a single momentum state. This happens for example, if the two-photon
light Ąeld is not purely generated by just two opposing laser beams but is rather generated by
two frequency components which are retro-reĆected from a mirror surface. In this dual-lattice
conĄguration there are two moving lattices with opposing chirp rate, distinguishable by the
Doppler shift æ0. Figure 4.14(c) displays the inĆuence due to this off-resonant transition for the
transfer of two photon momenta in different acceleration times áacc and Ąg. 4.14(d) shows the
decrease of this effect with increasing band index of the off-resonant band.
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Figure 4.14: Landau-Zener losses for a single lattice parametrized by acceleration time áacc (a) or
number of transferred photons 𝑛 (b). InĆuence of a parasitic lattice or a superposition of 0 and 2 ℎ̄𝑘
parametrized by acceleration time áacc (c) which decays with increasing band index 𝑛 (d).
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4.3 Mach-Zehnder interferometer
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Fig. 4.15: Illustration of the Ramsey ex-
periment in spin representation on the Bloch
sphere (a). Space-time diagram of a Mach-
Zehnder interferometer realized by a three pulse
sequence (b) consisting of an initial Þ

2
-pulse

to split the atomic wave function, a Þ-pulse to
mirror the imprinted momentum and a Ąnal Þ

2
-

pulse to project the probability amplitudes of
the wave function onto classical populations.

All basic principles to operate an atom interfer-
ometer can be understood in an analogous way as
the famous Ramsey experiment of separated oscil-
latory Ąelds [257]. In this experiment a two-level
atom is interacting with pulses of electromagnetic
radiation at two different instants. The time 𝑇
between the two interactions is called pulse sep-
aration, or free evolution time, because here the
system evolves freely. The population of the two
states in the superposition may evolve with a dif-
ferent frequency as the electromagnetic Ąeld and
accumulates a phase ∆ã with respect to the driving
electromagnetic radiation. The Ramsey experiment
is illustrated with the spin precession representation
on the Bloch sphere depicted in Ąg. 4.15(a).

The pulse separation time 𝑇 in a Ramsey ex-
periment causes a separation of both wave packets
over time if momentum is transferred during the
interaction. Such a separation leads to a decay
of the oscillation amplitude until the interference
completely vanishes and, hence, sets a limit on the
time 𝑇 . The time 𝑇 can be extended by inversion
of the motional state inside the atom interferometer
and form a topology which is closed in momentum
space. The straight forward way to achieve such a
topology is the application of additional interferom-
eter pulses which perfectly preserve the coherence
of the interference. Appropriately chosen, the wave
packets always have a perfect Ąnal overlap indepen-
dent of the time spend in the interferometer.

A prominent example of a closed interferometer
topology is the Mach-Zehnder-type geometry, or

short the Mach-Zehnder interferometer (MZI). This topology is deĄned analogue to its optical
equivalent with three different interactions, where the wave function is split up, redirected and
then recombined in the end. In the Rabi formalism from sec. 4.1.1, the sequence reads as Þ

2 ⊗Þ⊗ Þ
2 ,

with two equally long pulse separation times 𝑇 . Quantum mechanically, the sequence consists of
an initial Þ

2 -pulse to split the atomic wave function and create a superposition of two different
momentum states ♣𝑝0⟩ and ♣𝑝1⟩. A Þ-pulse reverses these momentum states after a time 𝑇
to achieve a Ąnal overlap of the trajectories after 2𝑇 , when a Ąnal Þ

2 -pulse projects the wave
function onto classical populations. In Ąg. 4.15(b) the space-time diagram of a Mach-Zehnder
interferometer is depicted with the atomic trajectories (bend under the inĆuence of gravity 𝑔)
for a wave vector ∘𝑘eff directed upwards and downwards. Different to the Ąrst realization of a
Raman-type light-pulse interferometer by M. Kasevich and S. Chu published in 1991 in ref. [7]
there is no intrinsic internal state change connected to the topology. The following sections
contain the output phase derivation and the noise assessment of the Mach-Zehnder interferometer.
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4.3.1 Sensitivity to inertial forces

The theoretical work to demonstrate that Mach-Zehnder interferometers of the geometry described
above are sensitive to different quantities of inertia has been performed prominently by C. Bordé
at the end of the 1990Šs and can be read in detail in refs. [258Ű260]. In general, the output
phase ∆ã of an atom interferometer [261] is expressed by three different contributions

∆ã = ∆ãLaser + ∆ãPath + ∆ãSplit. (4.55)

A separation phase ∆ãSplit is entering due do insufficient overlap of the wave packets at the
outputs ports and vanishes if the interferometer closes perfectly. The second contribution is the
imprinted laser phase during the pulses including single- and two-photon light shifts

∆ãLaser = ã1 ⊗ 2ã2 + ã3 + ∆ãAC + ∆ã2ph. (4.56)

The last pulse imprinting ã3 is usually used to modulate the interferometer signal on purpose
with a phase jump, otherwise all phases cancel out. Light shifts may lead to an offset shift which
is in Ąrst order dependent on the difference in phase imprinted during the Ąrst and last pulse

∆ãAC =
æAC

3

𝛺eff
⊗ æAC

1

𝛺eff
and ∆ã2ph = ã2ph

3 ⊗ ã2ph
1 . (4.57)

Different to Raman diffraction, where the intensity ratio of the two frequency components is
properly adjusted [85, 262], the AC-Stark shift is intrinsically suppressed in Bragg diffraction.
The contribution of the two-photon light shift is calculated in sec. 6.4.1 according to ref. [152].

⇀

𝛺E

⇀

𝑘eff

⇀
𝑔

⇀
𝑣⊥𝑔

⇀
𝑔

⇀

𝑘eff

∆φGrav
∆φRot

Fig. 4.16: A Mach-Zehnder interferometer on
ground can be tailored to be sensitive to gravity
or the rotation of the Earth depending on the
projection of ⇀

𝑣 and
⇀

𝑘eff to ⇀

𝑔 and
⇀

𝛺E.

The third term ∆ãPath describes the phase aris-
ing from the propagation of the atoms during the
interrogation with the action 𝑆cl integrated along
the Lagrangian 𝐿 of the classical trajectories 𝑥(𝑡)

𝑆cl =
˛ 2𝑇

0
𝐿[𝑥(𝑡),�̇�(𝑡)] d𝑡. (4.58)

The phase shift due to inertial effects can be de-
scribed by using only the laser phase ãLaser, since
separation and propagation phase nearly cancel.
The two leading-order contributions to the sum in
eq. 4.55 are the gravitational acceleration

∆ãGrav =
⇀

𝑘eff ≤ ⇀
𝑔𝑇 2 (4.59)

and the Sagnac effect due to the rotating Earth

∆ãRot = 2
⇀

𝑘eff ≤ (
⇀

𝛺E × ⇀
𝑣)𝑇 2. (4.60)

Figure 4.16 illustrates how to tailor an atom inter-
ferometer to maximize the sensitivity to gravity or the rotation of the Earth depending on

projection of the atomic velocity ⇀
𝑣 and the beam splitter orientation

⇀

𝑘eff to gravity. A more
generalized formalism to express higher-order phase shifts by a Taylor expansion has been
described in ref. [263] and the next term has recently been observed [264].
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4.3.2 Sensitivity function formalism

With the help of the sensitivity function formalism, that was derived in detail in ref. [265], the
inĆuence of several noise contributions onto an atom interferometer can be calculated. The
response of the interferometer output Ó𝑃 (𝑡,Óã) to an inĄnitesimal change in phase Óã due to
some external inĆuence can be expressed with a weighting function deĄned by

𝑔(𝑡) ⊕ 2 lim
Óã⊃0

Ó𝑃 (𝑡, Óã)
Óã

and 𝐺(æ) ⊕ 𝐻(æ)
æ

. (4.61)

The weighting function 𝑔(𝑡) is introduced together with a transfer function 𝐻(æ) which is derived
from its Fourier transform 𝐺(æ). For a Mach-Zehnder interferometer with a pulse separation
time 𝑇 and all equal pulse times á , the weighting function is deĄned piecewise as

𝑔MZI (𝑡) =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

⊗ sin (𝛺eff 𝑡) : 0 < 𝑡 ⊘ á
⊗1 : á < 𝑡 ⊘ 𝑇 + á
+ sin

(︀

2 ≤ 𝛺eff (𝑡 ⊗ 𝑇 ⊗ 3
2á)
)︀

: 𝑇 + á < 𝑡 ⊘ 𝑇 + 2 á
+1 : 𝑇 + 2 á < 𝑡 ⊘ 2 𝑇 + 2 á
+ sin (𝛺eff (𝑡 ⊗ 2 𝑇 ⊗ á)) : 2 𝑇 + 2 á < 𝑡 ⊘ 2 𝑇 + 3 á
0 : at all other times.

(4.62)

If a disturbance acts on the atoms during the interrogation, this will cause a phase shift. An
integration over all disturbances caused by any time dependent frequency change æ(𝑡) determines
the bias phase shift and the phase noise density 𝑆ã(æ) observed at the output ports

∆ã =

∞̂

⊗∞

𝑔 (𝑡) æ (𝑡) d𝑡 and (à∆ã)2 =

∞̂

⊗∞

♣𝐻(æ)♣2𝑆ã(æ) dæ. (4.63)

Fig. 4.17(a) visualizes the weighting function 𝑔MZI of a Mach-Zehnder interferometer consisting
of two subsequent Ramsey experiments with inverted phase. The shape of the curve exhibits the
response of the atom interferometer to noise sources in time. For example, frequency noise of
the beam splitter laser cancels out due to the inversion of the phase shift with the Þ-pulse. The
transfer function 𝐻a(æ) = 𝑘eff

æ2 𝐻(æ) displayed in Ąg. 4.17(b) shows the response to accelerations.
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Figure 4.17: The sensitivity function 𝑔MZI of a MZI (a) and its transfer function to accelerations (b).
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4.3.3 Output phase evaluation

In the experiment, the pulse separation time 𝑇 denotes the time in between two subsequent
waveforms of a beam splitter pulse as schematically depicted in Ąg. 4.18(a). If the duration of
these waveforms á is not negligible short compared to 𝑇 , a recalculation of the interferometric
phase ∆ãGrav has to be performed [265Ű268]. To adapt this recalculation for Gaussian-shaped
pulses, the pulse separation 𝑇 is denoted by 𝑇 ′ = 𝑇 + (á ⊗

√
2Þàá )/2 and treat the beam splitter

pulses as box-shaped pulses of length á ′ =
√

2Þàá for equally long Þ- and Þ
2 -pulses. It is easy to

understand, that the inĆuence of this recalculation gets smaller for larger 𝑇 , since the duration of
the waveforms does not change and gets negligible in the limit of 𝑇 >> á . With these denotions,
the recalculation for ideal Þ

2 -pulses is according to literature [265Ű268] a simple Taylor expansion
in orders of á ′

𝑇 ′ , which is cut off here after the Ąrst order correction for an ideal Þ
2 -pulse

∆ãGrav = 𝑔 ≤ 𝑘eff𝑇 ′2
[︂

1 +

(︂

1 +
2
Þ

)︂

á ′

𝑇 ′ + ...

]︂

. (4.64)
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Fig. 4.18: Scheme for the phase shift recal-
culation (a). To remain resonant, the laser
detuning ∆Ü(𝑡) can be either chirped at a con-
stant rate over the whole interrogation period
or two frequency steps are applied in the middle
of both halves of the interrogation period (b).

The laser phase ∆ãLaser accumulated in an atom
interferometer does not only depend on the rela-
tive laser phase at each beam splitter pulse ã1,2,3,
but also on the method used to adjust the rela-
tive laser frequency ∆Ü(𝑡) over time. During free
fall the resonance frequency æeg of the transition
changes with the Doppler effect, that was derived
in eq. 4.16. This effect needs to be accounted for by
changing the detuning ∆Ü(𝑡) after a certain free-fall
time ToF. The appropriate value for the chirp to
stay on resonance is estimated via

∆Ü(𝑡) =
Óæ(𝑡)

2Þ
≡
(︂

2Þ𝑔 ≤ ToF
ær

⊗ 1

)︂

æ0

2Þ
(4.65)

with æ0 denoting the Doppler frequency and ær the
recoil frequency of the beam splitting transition.
Experimentally, this detuning has to be more pre-
cisely adapted to any non-vanishing initial velocity
along the beam splitting direction determined by
Bragg spectroscopy, since already a wrong detun-
ing of the order of one or two kilohertz leads to
a reduced excitation probability. Two possible so-
lutions to implement this frequency change in the
experiment yield the same interferometric output
phase ∆ãLaser are depicted in Ąg. 4.18(b). The
relative laser detuning ∆Ü(𝑡) can either be chirped
continuously over the whole interrogation time with
a rate 2ÞÐ = d∆Ü

d𝑡 or stepped right in the middle
between two subsequent pulses by 2ÞÐ𝑇 . Using
frequency steps has the disadvantage, that the fre-
quency is constant during the interaction time á ,
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while the atoms are still falling. This might lead to a reduced excitation of longer pulses prob-
ability due to off-resonant driving as well as to a bias phase shift if the step is not applied
appropriately. Frequency steps are easier to realize for most RF sources and for typical short
pulses the reduction in efficiency is small due to their rather wide Fourier width.

Chirping the laser frequency is not only used to remain at the resonance. Moreover, the chirp
rate deĄnes the acceleration 𝑎 = 2ÞÐ/𝑘eff of the wave fronts of the Bragg lattice during free fall.
The adjustment of 2ÞÐ can be used to modulate the interferometer output ∆ã following

∆ã(Ð,𝑇 ) = (𝑘eff ≤ 𝑔 ⊗ 2ÞÐ)𝑇 2. (4.66)

This chirp rate measurement is commonly used to realize an atomic gravimeter, since eq. 4.66
relates the output of the atom interferometer 𝑃 (∆ã), which depends on the gravitational
acceleration, to the two parameters 𝑇 and Ð that can experimentally be controlled very well.
To extract 𝑔, all that is needed is to evaluate the output phase of the atom interferometer with
one parameter Ąxed, while the other one is varied. Figure 4.19 shows the output of an atom
interferometer depending on the pulse separation time 𝑇 for three different values of 2ÞÐ

𝑘eff
= 0, 3

4 𝑔
and 𝑔. The closer Ð is to the gravitational acceleration 𝑔 in this picture, the slower the oscillation
chirp gets until for 2ÞÐ

𝑘eff
= 𝑔 the oscillation vanishes completely. In favor of a simpler picture

of this principle the fact is neglected that, if the chirp rate Ð is too different from the free-fall
rate 𝑔, the excitation vanishes due to the Doppler shift. In a real experiment the chirp rate only
differs from the gravitational acceleration by less than one percent.
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Figure 4.19: Chirp rate measurement in an atomic gravimeter to extract the local gravitational
acceleration 𝑔. The output of an atom interferometer 𝑃 (∆ã) is evaluated for different chirp rates Ð of
the laser frequency and respective lattice wave front accelerations 2ÞÐ

𝑘eff

= 0, 3
4

𝑔 and 𝑔. For increasing
pulse separation time 𝑇 a chirped sinusoidal oscillation is obtained whose chirp rate is decreasing with
increasing Ð and Ąnally vanishes for 2ÞÐ

𝑘eff

= 𝑔. (This picture is an adaption from Ąg. 2.4 in ref. [262].)



CHAPTER 5

Implementation of the experimental methods
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Fig. 5.1: Illustration of the atom-chip gravime-
ter realized in this thesis. All necessary atom-
optics operations are realized by the atom-chip,
including condensation, magnetic transfer and
delta-kick collimation. The atom chip itself also
acts as a retro-reĆector in vacuum for the beam
splitter and forms a reference for gravity.

The atom-chip gravimeter is implemented in the
QUANTUS-1 apparatus using the setup illustrated
in Ąg. 5.1. All atom-optics operations are performed
in a cube of less than one centimeter side length
below the atom chip. In a nutshell, each experi-
mental sequence consists of three parts illustrated
in Ąg. 5.2(a). These parts are: I. the preparation,
II. the interferometry and III. the detection. The
baseline on which Bose-Einstein condensates can
be detected on the CCD detector is roughly 7 mm
below the atom chip. If a condensate leaves this
region it is in consequence not detectable anymore.
Simply letting the atoms drop after release grants a
free-fall time of roughly 34 ms on this baseline. The
short time makes it challenging to realize a com-
plete gravimeter sequence and prevents having a
large interferometry time 2𝑇 and the application of
delta-kick collimation. But, delta-kick collimation
is an important corner-stone to tackle systematic
uncertainties arising from mean-Ąeld interactions
as well as the collimation allows to counteract the
momentum broadening via mean-Ąeld energy con-
version. For this reason it is important to Ąnd a way to extend the free-fall time without
increasing the baseline. In the atom-chip gravimeter this challenge is faced by the integration of
a relaunch, which extends the total free-fall time after release to a magnitude of 100 ms.

The Ąrst part after the release of the atoms is always used for the preparation of the condensate
(sec. 5.1). The preparation already includes the conditions the atoms are released from their
magnetic trap. Because of the defects on the chip surface, the atoms have to be released at a
spot at which later on undisturbed diffraction is observed. Such a spot is found by a shift of
the condensateŠs position in the Ąnal magnetic trap transversally to the detection axis with an
offset magnetic Ąeld. Hereby, the differentiation between the three different trap conĄgurations
summarized in tab. 2.2 has to be made, because the amplitude of this shift decreases with the
steepness of the trap. In the next step, the parameters for delta-kick collimation have to be

53
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adapted to this shift. The interferometry is performed in the non-magnetic state 𝑚F = 0 to
eliminate the linear Zeeman effect after the transfer via an adiabatic rapid passage.
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I. Preparation

II. Interferometry

III. Detection

æ
2

=
æ

1
+

æ
0 (𝑡)

+
2
𝑛

æ
r

æ1

in: æ1 ‖ æ2

retro-
reflected

(b)

Fig. 5.2: In a nutshell, each ex-
perimental sequence consists of three
parts: I. the preparation, II. the inter-
ferometry and III. the detection (a).
Frequencies to drive Bragg diffrac-
tion or Bloch oscillations via retro-
reĆection from the chip (b).

The second part in the sequence is the interferometry which
relies on light-pulse manipulation (sec. 5.2). The light Ąeld
to manipulate the atoms is generated by retro-reĆection off
the chip. The occurring frequencies in the retro-reĆected
conĄguration are depicted in Ąg. 5.2(b). A single light Ąeld
from a Ąber consisting of two frequency components æ1, æ2

with linear parallel polarizations (lin‖lin) is shined onto the
atom chip. This light Ąeld serves two purposes for the atom-
chip gravimeter: Bragg diffraction used for beam splitting
and Bloch oscillations used during the relaunch. The in-
terferometer topology employed for measuring gravity is a
Mach-Zehnder interferometer as introduced in sec. 4.3 formed
by Bragg diffraction. The possibility to drive higher-order
Bragg diffraction depends elementary on the available laser
power and the momentum distribution of the atoms [66].
First-order Bragg diffraction is comparatively undemanding
and can be realized with the diode based MOPA and the
low power gravimeter optics, which are introduced in sec. 3.2
and used entirely in ref. [171]. With a beam diameter of
× = 7 mm, a detuning of 𝛥 = 500 MHz and an available laser
power of a few 10 mW, the Ąrst-order Bragg diffraction of
a condensate without delta-kick collimation can be driven
at efficiencies above 90%. However, for higher-order Bragg
diffraction the high-power laser system introduced in chp. 3
provides sufficient laser power to even increase the efficiency
for Ąrst-order diffraction and the interferometric contrast to
unity. With a much larger detuning of 𝛥 = 100 GHz the
fraction of atoms lost due to spontaneous emission is sup-
pressed in lattice operation. The last part in the sequence is
the absorption detection, which mainly consists of a waiting
time to separate the output states of the atom interferometer
after the recombination pulse. After the output ports are
sufficiently separated an absorption image is taken with the
CCD detector, from which the normalized populations of the
output states ♣𝑝0⟩ and ♣𝑝𝑛⟩ are extracted.

To extend the free-fall time, a novel relaunch procedure
is introduced in this thesis which is based on a combination
of Bloch oscillations and double Bragg diffraction but still
requires only a single light Ąeld (sec. 5.3). The optimized
efficiency of this relaunch is 75%. It is integrated in the

sequence in a way, that the preparation always takes place before the relaunch, which allows for
delta-kick collimation. The interferometry as well as the detection takes place after the relaunch,
which allows to extend the interferometry time 2𝑇 by a factor of Ąve. Due to the insufficient
surface quality of the atom chip a momentum broadening is observed which is the main limitation
of the relaunch. But the expansion rates are still eligible to perform interferometry.
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5.1 Preparation prior to interferometry

The QUANTUS-1 apparatus facilitates a Bose-Einstein condensate of up to 1.5 ≤ 104 87Rb atoms
every 15 s, with the sequence presented in sec. 2.2.2. The initial position and velocity of the
condensates play an important role in an inertial measurement for which its release from the Ąnal
trap needs to be characterized (sec. 5.1.1). A residual horizontal velocity induces a bias shift
due to the coupling to the rotation of the Earth [138] and wave front curvatures [88], which are
the major sources of systematic uncertainties in current devices. Considerations regarding these
systematic uncertainties arising from an initial horizontal or vertical velocity are elaborated in
sec. 6.4.1. Two additional preparation steps are performed after the condensate has been released
to target for the intended systematic uncertainties. The Ąrst preparation step is delta-kick
collimation, to further reduce the ensembles expansion. Based on previous work on ground, the
delta-kick collimation protocol was adjusted to the new release conditions (sec. 5.1.2). Since
the evaporation and delta-kick collimation takes place in a magnetic trap, the atoms need to be
transferred to a non-magnetic sub-state for interferometry via an adiabatic rapid passage with a
chirped radio frequency Ąeld (sec. 5.1.3).

5.1.1 Controlled release of the condensate from the trap

For the atom-chip gravimeter it is essential to Ąnd a position on the chip where the beam
splitting can be applied (see also ref. [171]). For the release trap in QUANTUS-1, three different
conĄgurations are used, summarized in tab. 2.2. While the trap with 𝐼bias = 0.36 A provides the
smallest expansion rate after release, the traps with 𝐼bias = 0.6 A and 𝐼bias = 1 A are used for
experiments with delta-kick collimation, to enable faster expansion before the collimation pulse
(see sec. 5.1.2). With the offset Ąeld in the Ąnal magnetic trap generated by one of the offset-coil
pairs K2 the atoms can be shifted in a controlled way to a position along the 𝑦-direction before
they are released. Figure 5.3 shows this offset shifting dependent on 𝐼K2 ranging from ⊗5 to
+5 A for the three different trap depths 𝐼bias. The shallowest one with a bias magnetic Ąeld of
𝐼bias = 0.36 A is used for all the experiments presented later on, where no delta-kick collimation
is performed. This trap is also the shallowest trap, which can be realized in QUANTUS-1 on
ground and therefore grants the condensates with the smallest initial expansion rate and size.
The amplitude of the shift is noticeably reduced with increasing trap depth, because of the
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Figure 5.3: An offset current 𝐼K2 induces a shift of the condensatesŠ position in 𝑦- and 𝑧-direction
before release. Residual motion is compensated via adjusting the holding time átrap in this trap.
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decreasing distance to the chip. While in the shallowest trap with 𝐼bias = 0.36 A the amplitude
of the shift in 𝑦-direction is in the order of 600µm, in the steeper trap with 𝐼bias = 0.6 A the
amplitude decreases to 370µm and even further to 210µm in the steepest trap with 𝐼bias = 1 A.
For the trap with 𝐼bias = 0.36 A the amplitude is even limited by the rotation around the
center, so only a shift between ⊗2.5 and +2.5 A leads to a signiĄcantly increasing shifting in
𝑦-direction. Depending on the holding time átrap oscillation measurements in the Ąnal trap
are performed [164]. For the trap with 𝐼bias = 0.36 A the frequency and amplitude of these
oscillations are summarized in Ąg. 5.4(a,b). The offset velocity of the oscillations determined by
Bragg spectroscopy and back-calculated from the expected Doppler detuning after a given time
of Ćight is depicted in Ąg. 5.4(c). These Ągures reveal, that the position shift induces a change in
the trapping frequencies and depths as well as an offset velocity which is compensated by the
dipole oscillations with an adjusted holding time átrap if a value for 𝐼K2 ̸= 0 is chosen.
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Figure 5.4: Frequency (a) and amplitude (b) of the oscillations in the shallow trap with 𝐼bias =
0.36 A are determined from time of Ćight measurements while the offset velocity (c) is determined
from Bragg spectroscopy, each dependent on the position shift in 𝑦-direction with 𝐼K2.
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Initial shift to avoid wave front distortions
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Fig. 5.5: Application of a beam splitter pulse
on a BEC released in the red area ( ) between
the two green regions ( ) does not allow to
perform undisturbed interferometry. Only two
shallower traps allow to shift BECs away from
the defect above the center of the atom chip.

The atom chip does not have a perfect reĆective
surface as to be seen in Ąg. 3.6. A surface of high
optical quality is crucial for the application of light
pulses and optical lattices, which might get dis-
torted, if the wave front quality is insufficient at
the position of the condensates. Figure 5.6 shows
density plots of a condensate coherently split by
a Bragg process perpendicular to the chip while
scanning 𝐼K2 from ⊗1 to +1 A which controls the
release position of the condensate in 𝑦-direction.
These density plot shows an inhomogeneity across
the condensate which is presumingly caused by an
intensity inhomogeneity of the retro-reĆected laser
beam. This inhomogeneity corresponds to a crack
in the coating above the central position of the Z-
wire in Ąg. 3.6. The diffraction pattern of a crack
causes inhomogeneities even if the condensate is
not directly above it. Figure 5.5 shows the same data as Ąg. 5.4 but with a color code which
indicates where undisturbed diffraction is possible. Hereby, the center of the defect is slightly
asymmetric around the zero of the current at 𝐼K2 = 0 A into the direction of positive currents.

Experimentally it is determined in Ąg. 5.6, that offset shifts in the order of 𝐼K2 > ∘0.8 A result
in a non-disturbed Bragg diffraction for the shallowest trap with 𝐼bias = 0.36 A, which is used
in all following experiments with dropped Bose-Einstein condensates. To be on the save side,
for the atom-chip gravimeter a current of 𝐼K2 = ⊗1 A is used which is well in the green region.
A larger shift away from the inhomogeneity is less susceptible to possible misalignments of the
atom chip and residual horizontal velocities. The holding times for dipole oscillations in the
release trap which give rise to the initial position and velocity as well as the magnetic lensing
parameters have to adapted to the offset shift. Therefore, for the application of the magnetic
lens the solution to avoid the defect is not so obvious, because for steeper traps a larger offset
current needs be applied to have the same displacement. As indicated by the red area, there
is no solution for the steepest trap with 𝐼bias = 1.0 A to achieve undisturbed diffraction. In
consequence to combine delta-kick collimation with a laser beam along gravity only the trap
with 𝐼bias = 0.6 A can be chosen, because there a shift into the green region is possible.

𝐼K2 = ⊗1 𝐼K2 = 0 𝐼K2 = +1

150 µm

Figure 5.6: Defects during the application of a beam splitting pulse dependent on the offset shift
in 𝑦-direction current 𝐼K2 in the shallowest release trap with 𝐼bias = 0.36 A. The green area ( )
indicates undistorted wave fronts, while the red area ( ) indicates shifts too close to the defect.
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5.1.2 Momentum collimation by a magnetic lens

After the release of the condensate from the magnetic trap, it starts to expand freely and falls
away from the chip due to the gravitational acceleration. During the Ąrst milliseconds after
release most of the mean Ąeld energy is converted into kinetic energy. The time depends on
the atomic density of the condensate and hence on the steepness of the trap the atoms are
released from. An exemplary evolution of the velocity width à𝑣 taken after increasing expansion
time ToF after release of the condensate from the shallowest trap with 𝐼bias = 0.36 A is depicted
in Ąg 5.7. The momentum width evolution in this Ągure during the mean Ąeld conversion time
is resolved with Bragg spectroscopy, since this method gives an in-situ value for the expansion
rate at each measurement. Final expansion rates in the ballistic regime can be more precisely
evaluated with a time of Ćight measurement if sufficient time of Ćight is available. After a
free-expansion time of ToF > 10 ms for the trap with 𝐼bias = 0.36 A the momentum width of
the cloud stays almost constant and reaches a Ąnal expansion rate of à𝑣 ≡ 750µm/s ⊕ 0.125 ℎ̄𝑘.
In the case of the steeper traps with 𝐼bias = 0.6 A and 1 A the mean Ąeld conversion happens
faster and only consumes 1-2 ms, but the Ąnal expansion rates of à𝑣 ≡ 1.6 mm/s ⊕ 0.3 ℎ̄𝑘 and
even à𝑣 ≡ 2.6 mm/s ⊕ 0.45 ℎ̄𝑘 are signiĄcantly higher. These cases are not depicted in the Ągure,
since momentum width changes during the Ąrst millisecond after release are difficult to resolve.
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Figure 5.7: Mean Ąeld conversion after release from the shallow trap with 𝐼bias = 0.36 A.

Even an atomic source that is initially condensed has a Ąnite velocity spread that leads to a
signiĄcant increase of the cloud size after expansion and may reduce the performance of the
atom interferometer due to increased detection noise or enlarged contributions to systematic
uncertainties. The condensate released from the shallowest trap with 𝐼bias = 0.36 A expands
reasonably slow enough to perform experiments with short free-fall times and its momentum
width of 0.125 ℎ̄𝑘 is small enough to reach high Bragg diffraction efficiencies (see sec. 4.1.2). For
an atom number of 𝑁 = 10 000 the mean-Ąeld conversion in a time of 𝑡exp > 10 ms is acceptable.
However, in general this statement is not true especially for a larger densities of the condensate.

Delta-kick collimation with the harmonic chip trap

Delta-kick collimation by a magnetic lens [269] is most of all motivated by reaching long expansion
times. Recent demonstration show expansion rates equivalent to temperatures of nK in 3D [98] in
the drop tower with QUANTUS-1 or even pK in 2D [133] in a 10 m-fountain. These momentum
widths are smaller than the one of the coldest reported condensates [270]. Delta-kick collimation
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in the QUANTUS-1 experiment in the drop tower but also on ground has been intensively studied
during former theses and the results are presented in refs. [164, 165].

The idea behind delta-kick collimation is, that in momentum space the expansion of a released
ensemble is a projection of the oscillation in the Ąnal release trap. So there is a point 𝑇0 in time
after release when all atoms come to rest with respect to the potential. A position-dependent
force 𝐹 (𝑥) at this time generated by a short pulse of length ádkc (e.g. a delta kick)

𝐹 (𝑥) ≤ ádkc = ⊗𝑉dkc

Ó𝑥
≤ ádkc = ⊗𝑚æ2

dkc𝑥 ≤ ádkc (5.1)

with an appropriately matched harmonic potential ædkc slows the atoms down at each position
𝑥. The strength of a delta kick is deĄned by 𝑆 = 1/𝑇0 = æ2

dkc ≤ ádkc which is an analogue to
the power 𝑃 of an optical lens. Delta-kick collimation can be illustrated by a tilt of the ellipse
in phase space arising due to shearing during expansion in space 𝑥 on the momentum axis 𝑝
depicted in Ąg. 5.8. After the tilt the ensemble is expanding with a smaller rate as initially.

The harmonic potential ædkc for an ideal collimation pulse with an error in momentum
collimation Ó𝑝 depending on the mismatches of the parameters has to fulĄll the condition

𝑇0 ≤ ádkc =
1

æ2
dkc

and Ó𝑝 = 𝑝𝑖Ó(æ2
dkcádkc𝑇0) < 𝑝𝑓 = 𝑥𝑖𝑝𝑖/𝑥𝑓 . (5.2)

The collimation error Ó𝑝, which would cause the ensemble to expand with a higher rate as limited
by the optimal lensing 𝑝𝑓 , is expressed by the errors in the corresponding parameter

Ó(æ2
dkc)

ædkc
+

Óádkc

ádkc
+

Ó𝑇0

𝑇0
<

𝑥𝑖

𝑥𝑓
≍ 𝑝𝑓

𝑝𝑖
(5.3)

which is acceptable if it is smaller than the limit set by initial 𝑥𝑖 and Ąnal radius 𝑥𝑓 or the ratio
between initial 𝑝𝑖 and Ąnal momentum 𝑝𝑓 . For a divergence after the collimation as small as
possible a size 𝑥𝑓 can be achieved by enlarging the time 𝑇0. On ground the waiting time and
the other errors are not only limited by technical means, but also by the free-fall away from the
chip which reduces the trap frequencies of the potential and limits 𝑇0 to ⊘ 6 ms. For the shallow
trap after this time the expansion is not even in the ballistic regime, so a release trap with faster
initial expansion is required to increase 𝑥𝑓 prior to collimation. Another cause of errors are the
anharmonicities of the generated potential causing deformations for too large condensates.

𝑝
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𝑇0 ádkc
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(a) (b) (c)

Figure 5.8: Principle of delta-kick collimation in phase space. An ensemble after release has an
initial distribution in momentum and space (a). After some time the cloud has expanded in space
causing an ellipse (b) which is tilted on the momentum axis with a collimating pulse (c).
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Optimized delta-kick collimation protocol for the displaced trap

(a) 𝐼bias = 0.36 A 0.6 A 1 A

(b)

13 ms

16 ms

19 ms

22 ms

25 ms

28 ms

31 ms

34 ms

Atom chip

release

ToF

𝑇0

ádkc

1
5

0
µ

m

1
5

0
µ

m

Fig. 5.9: Density plots for released conden-
sates (a). Scheme for delta-kick collimation (b).

Figure 5.9(a) shows density plots for the expan-
sion of condensates released from the magnetic
traps with 𝐼bias = 0.36 A (left), 0.6 A (middle) and
1 A (right) taken for expansion times between 13
and 34 ms which is close to the end of the detec-
tion region. In these density plots the increase in
expansion rate from 750µm/s over 1.6 mm/s up
to 2.6 mm/s is clearly observable. The best result
for delta-kick collimation in previous thesis [164,
165] has been achieved for the lens release trap
with 𝐼bias = 1 A but with no initial shift, e.g. with
𝐼K2 = 0. This conĄguration is unsuitable for the
operation with a laser beam retro-reĆected from
the atom chip according to Ąg. 5.5 and for this
application different parameters need to be used.

The protocol used for delta-kick collimation start-
ing with the release of the condensate from the
atom chip is depicted in Ąg. 5.9(b). After release
the atoms start to speed up due to gravity and
expand with a rate according to the release trap.
After a short expansion time the lensing pulse is
applied which slows down the expansion and ide-
ally imprints no velocity kick to the atoms. For
the new sequence, only the release trap conĄgura-
tion and the parameters of the lensing pulse need
to be adapted to the required shift of > 200µm.
This new conĄguration uses a steep release trap
with 𝐼bias = 0.6 A and a shift with maximum dis-
placement for 𝐼K2 = ⊗3 A. The collimation pulse is
applied after an expansion time of áexp = 6 ms
for ádkc = 280µs with a current in the Z-wire
of 𝐼Z = 2 A, offset Ąelds of 𝐼K2 = ⊗7 A and
𝐼K1 = 1.6 A adjusted to the new position of the
ensemble after the free fall during áexp.

The density plots in Ąg. 5.9(b) show the expan-
sion of delta-kick collimated condensates released
from the displaced steep trap with 𝐼bias = 0.6 A
(left) compared to the the original lens trap with
𝐼bias = 1 A (right) with no signiĄcant visible an-
harmonicities. The estimated expansion rate from
the same ToF between 13 and 34 ms is 150µm/s.
This expansion rate is comparable to the previous
result. Thus, the ensembles are due to the shallower
trap ≡ 30% smaller after the same expansion time,
which is uncritical at the current atomic density.
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5.1.3 Transfer to the non-magnetic state
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The generation of a Bose-Einstein condensate by an atom chip
relies on the magnetic trapability of the atoms in the potential
generated by the atom chip. After release, the condensate can
be prepared in the most favorable state which has the lowest
uncertainty. Because this preparation step is so essential for every
inertial measurement the magnetic state transfer has to be always
included in the interferometry sequence. Consequently, in each
sequence used in the experiment at least the magnetic transfer
has to be dedicated to the preparation. This is different to the
delta-kick collimation where in the case of small observation times
it is still arguable whether it needs to be performed.

In the case of 87Rb, coming from the magnetic state 𝑚F = 2
which has the highest trapping potential inside a magnetic trap
the atoms for an inertial measurement need to be transferred to
the magnetically insensitive 𝑚F = 0-state. This preparation step
is crucial for the atoms before being employed in an interferometer,
since the 𝑚F = 0-state is the most robust against magnetic stray
Ąelds during free fall. The linear Zeeman effect in all magnetic
sensitive states with 𝑚F ̸= 0 during the atom interferometer
would lead to a bias phase shift which is roughly in the same
order as the gravitational acceleration. These states are hence
highly unsuitable for any kind of inertially sensitive measurements.
However, even in the 𝑚F = 0-state the quadratic Zeeman shift
remains and causes a signiĄcant systematic uncertainty damped
by the magnetic shielding around the vacuum system.

For the transfer from the magnetic state 𝑚F = 2 into the non-
magnetic state 𝑚F = 0 a radio frequency Ąeld is emitted from the
atom chip, that couples different magnetic states as depicted in
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Figure 5.10: Coupling scheme of the adiabatic rapid passage used for magnetic sub-state transfer (a).
A scan of the end frequency of the adiabatic rapid passage determines the Ąnal sub-state (b).
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Ąg. 5.10(a). Instead of Þ-pulses with Ąxed radio frequency, an adiabatic transfer via a swept radio
frequency is used to enhance the transfer efficiency. Figure 5.10(b) shows density plots which are
rotated by ⊗85◇ for vertical alignment of the states. The state transfer is depicted with a chirp
starting from an initial frequency of 𝑓start = 7.7 MHz dependent on the end frequency 𝑓end of the
adiabatic rapid passage (arp). To lift the degeneracy of the magnetic states Ąrst a homogeneous
bias Ąeld of a few Gauss is ramped up to its Ąnal value within 4 ms. Afterwards the frequency
chirp itself consumes 5.2 ms and, Ąnally, the bias Ąeld is linearly ramped down again for 1 ms
leading to a total time of the sequence of áarp = 10.2 ms. The largest obtained transfer efficiency
into the sub-state 𝑚F = 0 is in the order of roughly 95% for an end frequency of 𝑓end = 7.727 MHz
at a bias Ąeld of 10.5 G. The distinction of the magnetic sub-states in Ąg. 5.10(b) is realized
by Stern-Gerlach-type deĆection generated by the MOT coils in anti-Helmholtz conĄguration
and letting the atoms accelerate for áSG ⊙ 20 ms. For more details on the implementation and
characterization of the adiabatic rapid passage in QUANTUS-1 see refs. [164, 165].
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Fig. 5.11: Residual atoms in
𝑚F ̸= 0 sub-states cause loss
of contrast due to dephasing.
The density plots show, that
even in the case of an optimized
end frequency of the adiabatic
rapid passage approx. 5% of
the atoms remain in other sub-
states and are pushed away by
Stern-Gerlach-type deĆection.

Even though the efficiency of the magnetic state transfer is en-
larged by the adiabatic rapid passage, still approx. 5% of the
atoms remain in states with 𝑚F ≠ 0. Figure 5.11 shows density
plots again rotated by ⊗85◇ for ten subsequent cycles with an
adiabatic rapid passage adjusted to the largest transfer efficiency
at a Ąxed end frequency of 𝑓end = 7.727 MHz. The Ćuctuations
of the transferred fraction to the 𝑚F = 0-state between the cy-
cles are in the order of a few percent of the total atom number.
These Ćuctuations may arise from power Ćuctuations of the radio
frequency but also from temporal Ćuctuations of the magnetic
environment. If Stern-Gerlach-type deĆection is not applied in
an experiment after the adiabatic rapid passage the magnetic
states can not be distinguished by the detection system since they
are spatially overlapping. The non-transferred atoms will cause
a slight loss of contrast up to 10%, since they can in the worst
case destructively interfere. Additionally, a Ćuctuating transfer
efficiency will cause noise as well as possibly bias shifts.

These effects can be completely suppressed by a subsequent
Stern-Gerlach-type deĆection which pushes away remaining atoms
in states with 𝑚F ≠ 0 and removes them from the area where
the interferometer output ports are evaluated. This only causes
a slightly enlarged Ćuctuating atom number, which is normalized
during the detection process. Stern-Gerlach-type deĆection can
be performed in two different ways in the experiment. With the
MOT coils a nicely homogeneous Ąeld is generated which performs
sufficiently but it requires a signiĄcantly large amount of time
of áSG ⊙ 20 ms to separate the states properly, which cannot be
used for other operations. Alternatively, the Z-wire of the atom
chip can be used for Stern-Gerlach-type deĆection. Because the
generated Ąeld is stronger but due to the changing distance during
free fall not as homogeneous, a proper separation is reached after
a shorter time of áSG = 7 ms at a current of 𝐼 = 2 A.
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5.2 High-fidelity interferometry using Bragg diffraction

Light-pulse manipulation with high Ądelity Ö is the feature, that makes Bose-Einstein condensates
interesting for atom interferometry. Even the fastest available sources of Bose-Einstein conden-
sates [117] suffer from a lower Ćux compared to thermal sources fed by a simple molasses. To a
large extent the lower Ćux can be compensated by a signiĄcantly larger excitation probability
during the light-pulse manipulation and the application of larger momentum transfer. For a
simple Mach-Zehnder interferometer consisting of a three pulse sequence only, the contrast scales
with the third power of the beam splitter Ądelity 𝐶 ≍ Ö3 as a rule of thumb. Interferometers
using molasses cooled atoms commonly apply a velocity Ąlter using a Doppler-selective Raman
transition [64] selecting a distribution of atoms with reduced atom number but a momentum
width smaller than the recoil velocity. Even in this case, the obtained interferometric contrast
usually stays below 𝐶 < 0.5, i.e. only half of the atoms contribute to the interferometric signal.
For Bragg diffraction with spatial detection the momentum width of the employed source plays
an even more crucial role than for Raman diffraction with Ćuorescence detection [66].

5.2.1 Higher-order Bragg diffraction

The condensates used for the Bragg diffraction are released from the shallow trap and prepared
in the non-magnetic sub-state 𝑚F = 0. Working with delta-kick collimated condensates would
especially for higher orders yield larger efficiencies compared to this source. The Bragg diffraction
pulses are applied approx. 15 ms after the condensate is released from the trap. At this time atoms
in the thermal background are still present and even at the time of the detection a signiĄcant
amount of thermal atoms is observed. Due to their wider velocity spread these atoms are more
likely to be diffracted into spurious orders, so orders which are not intentionally populated during
the diffraction process, or not to be diffracted at all. Not only the velocity sensitivity due to
the spread of the atomic momentum is observed in the experiment, but also due to the free fall
of the atoms during the pulse. Figure 5.12 shows density plots of diffracted condensates with
Bragg orders up to the Ąfth transferring 10 ℎ̄𝑘 with a Gaussian pulse width of àá = 12.5µs. The
laser powers and detunings are in each case optimized to have the maximum transition efficiency
equal to a Þ-pulse in an atom interferometer. The Ąfth-order transition suffers already from a
drastically reduced excitation efficiency, because although the laser power is not yet limited, the
optimal pulse length is required to be signiĄcantly longer, as in detail calculated in ref. [66].

2 ℎ̄𝑘 4 ℎ̄𝑘 6 ℎ̄𝑘 8 ℎ̄𝑘 10 ℎ̄𝑘

150 µm

Figure 5.12: Density plots for higher-order Bragg diffraction.
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The basic properties to adjust an nth-order Bragg diffraction pulse of length àá are the laser
power 𝑃 and the detuning ∆Ü of the laser. Scans of these parameters with the other parameter
set to maximum diffraction efficiency for pulse times of àá = 12.5µs, 17.5µs and 25µs are shown
in Ąg. 5.13(a,b). These values are chosen, because for longer pulses the frequency could no longer
be held constant over the complete pulse length, but the free fall must be compensated to remain
sufficiently resonant. The amplitude of both frequency components in the two-photon light Ąeld is
adjusted equally for simplicity, disregarding the reĆectivity of the atom chip. Adjusting the laser
power 𝑃 instead of the pulse length àá as implied from the Rabi oscillations has the advantage,
that the velocity selectivity of Þ- and Þ

2 -pulse do not differ. Furthermore, the transfer function
in eq. 4.62 stays identical if the same pulse length is chosen during each experiment. For larger
order 𝑛 the relative amplitude needs to be increased, but the total efficiency slightly decreases.
With increasing pulse length àá the frequency scans get narrower such that in total the shortest
pulses in any case yield the best efficiencies. Broader peaks in frequency and slow oscillations in
amplitude also have the advantage, that the diffraction is less susceptible to Ćuctuations and
drifts in the laser power or initial motion. This especially makes the Ąrst-order Bragg diffraction
attractive for a stable and low-noise operation of an atom interferometer.
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Figure 5.13: Scans of the relative amplitude (a) and laser detuning (b) for up to fourth-order Bragg
diffraction (𝑛 = 1 ⊗ 4) with three pulse lengths àá = 12.5µs ( ), 17.5µs ( ) and 25µs ( ).
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Disturbances due to the dual-lattice configuration

An important point to discuss is the occurrence of standing waves when simply retro-reĆecting
the two frequency components of the light Ąelds with parallel linear polarizations (lin||lin). Since
the atom chip in the QUANTUS-1 experiment has no Ú

4 -wave-plate coating the parallel linear
polarizations is necessary to drive Bragg diffraction. in this speciĄc conĄguration, the incoming
and retro-reĆected light Ąelds can beat with each other and amplitude modulation occurs. The
amplitude modulation causes the diffracted population to oscillate with the phase ∆ãLaser visible
in the density plots in Ąg. 5.14(a). In this Ągure a Ąrst-order Bragg pulse with duration á = 150µs
and, respectively, àá = 17.5µs is applied in vertical direction right after the release of the
condensate, when the Doppler shift is still the smallest. With only a minimal resonance detuning
to drive a Bragg transition of Ó = 15 kHz the amplitude modulation frequency is in the same
order as the length of the beam splitting pulse itself 1/15 kHz = 67µs, which gives rise to the
maximum effect. In this example double Bragg diffraction occurs as well, since both beam
pairs are still at resonance with the slow motion of the atoms. The plot in Ąg. 5.14(b) shows
an oscillatory behavior of the transition probability depending on the laser phase ∆ãLaser. An
asymmetry between upwards and downwards diffracted atoms is visible, that comes from the
fact, that the atoms are in free fall during the beam splitting pulse. This causes a velocity of
roughly 1 mm/s and explains the asymmetry. To sufficiently suppress this effect, the Doppler
shift needs to be increased to a detuning in the order of Ómin > 100 kHz.

In general, this effect can be suppressed to a large extend by the use of perpendicular linear
polarizations (lin⊥lin) of the incoming frequency components in the beam splitting light Ąeld.
In combination with the Ú

4 -wave-plate in front of the retro-reĆection mirror, which is passed
twice by the laser beam, each incoming frequency component and its corresponding reĆected
component, have orthogonal polarizations. Therefore no standing wave would form, except for
imperfections of the Ąber and polarization optics as well as misalignment of the Ú

4 -wave-plate.
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Figure 5.14: Density plots of the diffraction efficiency modulation by standing waves in the retro-
reĆected beam splitting light Ąeld for changing and Ąxed laser phase ∆ãLaser (a). Directly after
release a Bragg beam splitting pulse is applied in vertical direction. Since the detuning is small double
diffraction occurs. The from the density plots extracted beam splitting efficiency shows oscillatory
behavior depending on the relative phase 𝛥ã and the direction of the momentum transfer (b).
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5.2.2 Mach-Zehnder fringes

Three Bragg pulses of the same order 𝑛 applied in a Þ
2 ⊗Þ⊗ Þ

2 -conĄguration and a scan of the laser
phase ã3 of the last pulse between subsequent cycles gives rise to the characteristic fringe pattern
of the Mach-Zehnder interferometer. With vanishing pulse separation 𝑇 = 0 the sensitivity
to inertial effects is still reasonably low and the obtained population at the output ports is
directly proportional to the laser phase ∆ãLaser. Figure 5.15(a) shows density plots of closed
interferometers formed by different Bragg orders with a laser phase on the interval ∆ãLaser = 0
to Þ and Ąg. 5.15(b) the extracted populations. From this fringe scan an essential property to
describe the performance of an atom interferometer is obtained with the interferometric contrast

𝐶 =
𝐴

𝑃0
⊘ 𝑃max ⊗ 𝑃min

𝑃max + 𝑃min
, (5.4)

deĄned by the amplitude 𝐴 of the sinusoidal signal divided by its mean 𝑃0 with an upper bound
given by the maximum and the minimum of the signal. Two main observations can be made
from the Ągure. First, the density plots show a signiĄcant fraction of atoms lost to spurious
orders. Second, the signal between the two output ports of interest ♣𝑝0⟩ and ♣𝑝𝑛⟩ which is
plotted in Ąg. 5.15(a) is close to unity for the Ąrst and second order, but starts to decrease by
25% for the third order and even by 50% for the fourth order. This reduction results from a
decrease in diffraction efficiency to Ö = 0.9 ⊃ 𝐶 ≍ 0.93 ≡ 0.7 for third-order diffraction or even
to Ö = 0.8 ⊃ 𝐶 ≍ 0.83 ≡ 0.5 for fourth-order diffraction. This decrease makes the fourth order
at the moment inapplicable for interferometry, while for third order a gain in sensitivity of 2.25
compared to Ąrst order and still 1.125 compared to second order is expected. The obtained
efficiencies and especially the atoms in spurious ports are limited by thermal background atoms
due to the condensate fraction of 65%, which could be eliminated with an improved preparation
and a detection after longer free-fall times where hotter atoms have spread out. Even though
there is no signiĄcant sensitivity to inertial effects due to the small scaling factor, the fringe scan
provides useful an estimation about the intrinsic sensitivity of the atom interferometer.
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Figure 5.15: Mach-Zehnder fringes for an adjusted laser phase on the interval from ∆ãLaser = 0 to
Þ with up to fourth-order Bragg diffraction. The density plots show for each order a complete change
in population (b) requiring a phase shift inversely proportional to the order 𝑛.
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Output port separation with spurious ports

Spatially resolved imaging offers the great advantage, that the two output ports of an atom
interferometer can be synchronously detected in a single picture, therefore suppressing a large
amount of common mode noise arising from the properties of the detection light beam, e.g. power
and frequency Ćuctuations. Thus the read out of the relative output port population ideally only
depends on the difference in atom number counted at two different spots on the CCD detector.
It is mandatory, that these two spots have to be appropriately separated at a given waiting
time after the Ąnal pulse of the interferometer. This waiting time is requested to be as short as
possible, because it reduces the time 2𝑇 available for interferometry.

The separation happens due to the relative velocity 𝑣sep = 2𝑛 ≤ 𝑣𝑟 = 𝑛 ≤ 2 ℎ̄𝑘/𝑚 between the
two interferometer states ♣𝑝0⟩ and ♣𝑝𝑛⟩ at the output ports of the atom interferometer. Hereby,
the relative velocity only scales with the momentum 2𝑛 ℎ̄𝑘 imprinted during recombination pulse,
independently of enlarged momentum transfer by Bloch oscillations or sequential transitions
inside the interferometer. A problem connected to higher-order diffraction is the occurrence of
spurious ports if the efficiency of the pulse is limited [11]. As a rule of thumb, the contrast 𝐶 is
not decreased by overlapping ports, if the time for separation ásep is larger than

ásep >
à𝑧

2 ≤ 𝑣𝑟
=

à0 + à𝑣 ≤ ToF
2 ≤ 𝑣𝑟

(5.5)

with àz being the size of the atomic ensemble along the beam splitter in 𝑧-direction after a time
of Ćight ToF independent of the order 𝑛. The size à𝑧 at the detection depends on the initial
size à0 and the expansion rate à𝑣. From eq. 5.5 it is apparent, that the size à𝑧 of the ensembles
at the output ports is the main limitation for ásep, which is another strong motivation for the
use of ultra-slow expanding - e.g. delta-kick collimated condensates. The detection process may
be carried out after a shorter time ásep/𝑛 for larger 𝑛 > 1, if spurious ports are not signiĄcantly
populated. Of course, there is no separation possible at all, if the expansion rate à𝑣 is larger than
the recoil for the highest possible order 2𝑛 ≤ 𝑣𝑟 even if spurious ports are accepted to overlap.
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Figure 5.16: The scaling of the differential velocity by higher order can only be useful, if the beam
splitting is of high enough Ądelity such, that spurious ports do not overlay the outputs of the atom
interferometer (a). Separation of the output ports for different orders 𝑛 of the Bragg beam splitting
process depending on the Ąnal separation time ásep. For each cloud size à𝑧 an optimal separation
time can be determined to establish a maximum interferometric contrast 𝐶 (b).
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5.3 Relaunch of atoms in a retro-reflected optical lattice

Within this section a simple but effective method is developed to coherently relaunch atoms in
free fall by the transfer of a large number of photon momenta in an optical lattice. The method
presented here differs from previous work, which either relies on two crossed beams reĆected
from a mirror surface [271], two opposing beams [150], velocity selection from a molasses [11,
149, 225] or on the transfer of only few photons from a standing wave [151, 272]. For the Ąrst
time, an efficient sequence relaunching atoms is realized in a retro-reĆected optical lattice, as
they are commonly used for atomic sensors. The novelty and at the same time the challenge of
this method is, that for the experiment only a single vertical beam axis with two co-propagating
linearly polarized laser frequencies is used, which form in total four lattices: two moving lattices
with opposite velocity and two additional ones at rest. The relaunch procedure is performed in
three subsequent steps to surpass the zero crossing of the moving latticesŠ velocity:

• A lattice deceleration sequence: First, the sequence starts with loading the atoms
adiabatically into an optical lattice. In the lattice Bloch oscillations are performed for decel-
eration until the atomic motion is almost stopped. In the end the atoms are adiabatically
unloaded from the lattice with only a few ℎ̄𝑘/𝑚 of residual velocity.

• A momentum inversion pulse: Second, after a certain small waiting time to carefully
match the resonance condition to the velocity of the atoms a higher order double Bragg
diffraction pulse is applied that inverts the momentum.

• A lattice acceleration sequence: Finally, a second lattice acceleration sequence is
applied, which precisely speeds up the atomic ensemble to launch them on a parabolic
trajectory used for atom interferometry with adjustable apex close to the atom-chip surface.
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Figure 5.17: Amplitude (a) and frequency (b) modulation of the lattice during the relaunch
sequence ( ) compared to a single lattice acceleration ( ). The relaunch sequence surpasses the
zero velocity crossing of the dual lattice ( ) by a double Bragg pulse inverting the momentum.

The amplitude and frequency modulation scheme of the dual-lattice light used to perform the
relaunch sequence is depicted in Ąg. 5.17. Compared to a single-lattice acceleration this scheme
is rather complex. The necessity of this procedure is given, because the additional lattices from
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retro-reĆection are shifted out of resonance only by the Doppler effect of the falling atoms. This
effect does not allow to accelerate the lattices in a way, that the motion of the atomic ensemble
crosses the zero momentum state without loosing a major fraction of atoms. The occurrence of
these losses can be understood by the fact, that at the zero momentum state, e.g. where the
atoms are at rest, the two moving optical lattices are both in resonance with the atoms - one
attempting to move the atoms upwards, but the other one to move them downwards. This would
already reduce the fraction of atoms that are launched upwards to about one-half of the original
atom number, by a double Bragg diffraction like behavior. Moreover, close to a vanishing velocity
of the atoms, non-adiabatic transitions arise due to parasitic acceleration in the non-resonant
lattice. These transitions remove atoms from the upward moving lattice and further reduce the
launched atom number to about one-quarter. Instead, a combination of Bloch oscillations in
an optical lattice together with higher-order Bragg diffraction is used to prevent those losses.
Most of the momentum is hereby transferred via Bloch oscillations with high efficiency close to
unity to stop and launch the atoms. Since only a smaller fraction of momentum needs to be
transferred by a single Bragg pulse, this sequence maintains an overall decent launch efficiency.

The method presented here provides a novel tool to implement into atomic quantum sensors
extending the free-fall time without increasing their complexity. This is a crucial point for the
construction of compact and very accurate inertial sensors, since our new method has some
advantages over the previously used approaches. Foremost, there is no need for more than a
single laser beam axis, this reduces immensely the need for additional optical access, laser power
and alignment. Second, the lattice launch and thus the fountain parabola is perfectly aligned
with the beam splitter. A parameter optimization for driving the Bloch oscillations in the vertical
lattice (sec. 5.3.1) as well as for the momentum inversion pulse (sec. 5.3.2) of the developed
relaunch procedure is performed and compared to a single lattice acceleration. The only current
limitation of the relaunch is at the moment a momentum broadening perpendicular to the lattice
axis due to the insufficient surface quality of the atom chip (sec. 5.3.3).

5.3.1 Coherent acceleration by Bloch oscillations
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Figure 5.18: Oscillations between the fundamental and second Bloch-band induced by a pulsed
lattice. By applying short pulses in the Kapitza-Dirac regime the depth of the optical lattice 𝑉0

in units of the recoil energy 𝐸𝑟 can be determined experimentally. The oscillationŠs period 𝑇 is
extracted from the sinusoidal Ąts and the lattice depth is calculated by the band gap relation.
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The experimental results driving Bloch oscillations are presented in the following. In particular,
the parameters for the relaunch will be investigated as well as the experimental limits of the
acceleration. These limits provide useful information to make a prediction onto future experiments,
that feature much larger baselines and use a larger amount of transferred photons.
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Fig. 5.19: For each band gap energy the cor-
responding lattice depth 𝑉0 in 𝐸𝑟 can be calcu-
lated (a) and from this the lattice depths for
the measured oscillations determined (b). Data
points on a straight line ( ) represent a linear
dependence on the laser power (c).

Following sec. 4.2, the lattice depth 𝑉0 is the rel-
evant parameter to characterize an optical lattice.
For a quantitative analysis of the experiment the
depth should be measured depending on the ad-
justed laster power 𝑃 in the Ąber. The common
method to characterize the lattice depth is to mea-
sure the Rabi frequency between the fundamental
and second exited band with a short non-adiabatic
pulse in the Kapitza-Dirac regime, known from
sec. 4.1.2. This method is more accurate than a
calculation of the lattice depths from the laser pa-
rameters 𝐼 and à itself given by eq. 4.38, since losses
of laser power on in-vacuum optics and imbalances
do not need to be known. Fig. 5.18 shows this os-
cillation for different RF amplitudes, e.g. adjusted
laser powers.

The lattice depth 𝑉0 in 𝐸r can be directly cal-
culated from this oscillation, since the period 𝑇 of
the oscillation is connected to the band gap Energy
∆𝐸 = 𝐸2 ⊗ 𝐸0 between the fundamental and the
second excited band by the relation

𝑇 =
2Þℎ̄

∆𝐸(𝑉0)
. (5.6)

With the band structure calculation performed in
sec. 4.2.1, this band gap energy ∆𝐸 can be related
to the depth of the optical lattice [234, 273] dis-
played in Ąg. 5.19(a) and the lattice depths can be
obtained from the measurement in Ąg. 5.19(b). The
measured oscillations are above 10 𝐸r in reasonable
agreement to a linear dependence on the laser in-
tensity for larger RF and therefore laser powers,
according to Ąg. 5.19(c). From this plot correspond-
ing laser powers can be calculated backwards with
eq. 4.38 and a beam diameter of × = 3.3 mm. These
calculated laser powers, which would correspond to
the measured lattice depth, are actually a factor of
two lower than the measured Ąber output power.
This means, that large losses of 50% occur on the

optics. The reĆectivity of the atom chip was characterized to about 𝑅 = 0.85 at an incident
beam angle of 0◇. The remaining fraction of 35% are therefore lost at the optical components,
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especially the polarizing beam splitter, that cleans the polarization, and the vacuum window,
which has no ideal anti-reĆective coating. The calibration can be performed for laser powers
up to 150 mW, as for larger values the signal gets too weak to measure Rabi oscillations. It
is expected that for these larger values the lattice depth scale further, as the theory predicts.
According to this calibration measurements the largest achievable lattice depth with the current
laser-power attribution of approximately 𝑃0 = 200 mW (compared to in total 𝑃max > 1.5 W
available laser power) is around 30 𝐸r. This is already in the deep lattice regime and beyond
the assumptions for the simple Landau-Zener relations, discussed in sec. 4.2.2. At these lattice
depths, the band gap energy ∆𝐸 already scales below linearly with increasing laser power, as
visible in Ąg. 5.19(a,b). Operating far beyond the linearity of the Landau-Zener regime is anyway
undesirable, since the fraction of spontaneous losses is enlarged.

Adiabatic loading into and unloading from the lattice

Efficient transport can only be achieved in the fundamental band of a lattice. Instantaneous or
non-adiabatic switching of the lattice leads to population of several higher-order bands. Similarly,
higher-order momentum states are created, if the lattice is abruptly, i.e. in a non-adiabatic way,
is switched off. Therefore, the atoms are initially loaded into and in the end released adiabatically
from a co-moving lattice. This is realized by ramping the amplitude of the lattice linearly up
and down, respectively, starting with a Ąxed detuning of the Doppler shift ∆Ü(0) = æ0. The
co-movement of the lattice is reached by slightly chirping the detuning with the atomsŠ free-fall
rate of ∆Ü(𝑡) ≡ 𝑡 ≤ 25 MHz/s. This slight chirp is not critical for fast loading, but when the
loading takes long enough, Bloch-oscillation would already occur due to the free-fall rate.

The adiabatic loading behavior for different lattice depths 𝑉0 is displayed in Ąg. 5.20 for the
following procedure: The atoms are loaded with linear ramps of durations áload < 200µs into
the lattice, then held for áacc = 1 ms without transferring momentum and Ąnally unloaded from
the lattice with the same time for simplicity. For lattice depths smaller 𝑉0 < 20 𝐸𝑟 an adiabatic
loading time of áload = 100µs is sufficient to load a large fraction Ö of atoms into the lattice.
For larger values this time should be increased to 200µs. The saturation efficiency in the Ągure
reduces due to spontaneous emission during the holding time.
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Figure 5.20: Adiabatic loading and unloading of atoms into a co-moving optical lattice with
varying change in the duration of amplitude ramp áload. The laser detuning is Ąxed at ∆ = 100 GHz
and the holding time in between loading and unloading is constant áacc = 1 ms. The frequency
detuning 𝛥Ü(𝑡) ≡ 𝑡≤25 MHz/s of the lattice compensates gravity such that no momentum is transferred.
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Landau-Zener losses and resonant tunneling

After the atoms have been loaded into a co-moving lattice at ∆Ü(0) Bloch oscillations are
performed by chirping the relative laser frequency to a Ąxed end-frequency ∆Ü = ∆Ü(áacc)⊗∆Ü(0).
Depending on the sign of the chirp rate ∘∆Ü the atoms are further accelerated along the free-fall
direction (frequency is increasing) or slowed down (frequency is decreasing) with respect to their
free fall determined by ∆Ü(0) = æ0. As described theoretically in sec. 4.2.3, the acceleration
of the lattice 𝑎 = ∆Ü

áacc
cannot be arbitrarily large, since this would induce Landau-Zener losses

by non-adiabatic transitions into higher order bands, given by eq. 4.54. In the experiment,
the inĆuence of Landau-Zener losses are studied to optimize the transfer efficiency Ö with a
frequency ramp which has a Ąxed overall detuning range ∆Ü = 2𝑛Ür, e.g. a Ąxed momentum
transfer ∆𝑛 = 𝑛 ℎ̄𝑘 is achieved to decelerate or accelerate the atoms, while the duration áacc in
which this detuning is swept is varied and/or the lattice depth 𝑉0 is increased.

Figure 5.21(a) shows the dependence of the transfer efficiency Ö for varying acceleration
time áacc for different lattice depths ranging from 𝑉0 = 5.1 𝐸r to 15.1 𝐸r. The curves show
a similar behavior to Ąg. 4.14 as expected for a reduction of Landau-Zener losses at smaller
acceleration. Moreover, a second loss mechanism is clearly visible, due to the so called Şresonant
tunnelingŤ between lattice sites which is expressed by distinct dips in the Landau-Zener curves.
A dip occurs, when atoms have a high probability to tunnel between two neighboring lattice
sites. As schematically depicted in Ąg. 5.21(b), this process happens in an accelerated lattice, if
the energy level of an atom in one lattice site is close to an exited energy level of a neighboring
lattice site [249] and has been previously experimentally observed [274]. An atom which has
tunneled to an excited level in another lattice site is not efficiently accelerated anymore and are
lost. The occurrence of these resonances is in well agreement with the theoretical prediction [275]
and the dips get smaller with increasing lattice depth 𝑉0, where the tunneling probability gets
suppressed. For durations of the acceleration above áacc > 1.5 ms resonant tunneling completely
vanishes and the transfer efficiencies approach the limit set by spontaneous emission.
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Figure 5.21: Resonant tunneling observed for different lattice depths 𝑉0. For speciĄc acceleration
times áacc a sudden drop in transfer efficiency Ö is observed. These drops vanish with increasing
lattice depth and at an acceleration time áacc > 1.5 ms the maximal transfer efficiency is observed (a).
Schematic depiction of neighboring lattices sites of an accelerated lattice. Resonant tunneling between
these sites occurs if the energy levels get close to each other. The atoms, which undergo tunneling,
are lost during further acceleration, since they are now in exited energy levels (b).
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Spontaneous emission suppression by a large laser detuning

The absolute frequency of the laser system and therefore the detuning 𝛥 to the 𝐷2 line of 87Rb
has a major inĆuence on the lattice depth 𝑉0 in eq. 4.38 and the rate of spontaneous emission 𝑃sp

in eq. 4.9. The spontaneous emission rate decreases quadratically with the detuning and the
lattice depth only decreases linearly, while both depend linearly on the laser power. Therefore, it
is possible to reduce the fraction spontaneously scattered atoms 𝑃spáacc with larger detunings 𝛥
and compensate the decrease lattice depth 𝑉0 with larger laser powers 𝑃 . The suppression
of spontaneous emission for optical lattices is more crucial than for Bragg pulses since the
acceleration times are one or two orders of magnitude larger as the pulses and the fraction of
lost atoms may increase drastically. For Bragg pulses typically a detuning below 1 Ghz may be
chosen, but for a lattice this increases to several tens of GHz. In the case of a dual lattice it is
not possible to proĄt from a blue detuning as for a single lattice where the atoms are trapped at
the nodes of the lattice (see Ąg. 4.9) which reduces the spontaneous emission rate [271].

In order to verify the dependence of spontaneous emission of the dual lattice the detuning 𝛥
of the light Ąeld with respect to the 𝐷2 line is varied with the following sequence: After a
free-fall time of áprep = 25 ms, the atoms are (un-)loaded within áload = 100µs and ∆𝑛 = 34 ℎ̄𝑘
are transferred to them within áacc = 1 ms. For a changing detuning 𝛥, the laser power 𝑃
is adjusted to obtain maximal transfer efficiency, so ideally the lattice depth 𝑉0 ≍ 𝑃

𝛥 is held
constant. In principle, the thermal tuning range of the Ąber master laser (for reference see chp. 3)
to adjust the laser frequency allows for approx. 130 GHz either red- or blue-detuned to the
𝐷2 line of 87Rb. Since there is no observable difference the measurement is only performed for
blue-detuning. Figure 5.22 shows, that over the complete tuning range of the laser frequency the
transfer efficiency can be held constantly over 90%, with a peak around 60-110 GHz of Ö = 0.94
or Ö/ℎ̄𝑘 = 0.9982 and the ratio between detuning 𝛥 and optimal laser power 𝑃 is also almost
constant. This means, the transfer efficiency is so far not limited by the available laser power. For
the following experiments the laser system is operated at the higher end of the frequency tuning
range at a detuning of 𝛥 = 100 GHz blue to the 𝐷2 line which leaves a fraction of spontaneously
scattered atoms of around 1-2 percent for every 1 ms of acceleration time áacc.
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Figure 5.22: Dependence of the achievable transfer efficiency Ö on the laser detuning 𝛥 ( ) for
the transfer of ∆𝑛 = 34 ℎ̄𝑘 in áacc = 1 ms. At these small acceleration times the total spontaneous
emission is still small ( ). The ratio between required laser power 𝑃 to compensate the larger
detuning 𝛥 ( ) is reasonably constant over the complete tuning range of the laser system.
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Large momentum transfer in fixed time

In the case of the atom-chip gravimeter a transfer of between 30 and 50 ℎ̄𝑘 by Bloch oscillations
is used for both the deceleration and acceleration sequence. The 7 mm small baseline of free
fall in the experiment limits the waiting time áprep anyway to

√︀

2 ≤ 7 mm/𝑔 ≡ 34 ms and this
transfer can be achieved within 1 ⊗ 2 ms avoiding Landau-Zener losses. Figure 5.23 shows the
transfer efficiencies Ö for the transfer of different momenta ∆𝑛 within a Ąxed acceleration period
of only áacc = 1 ms depending on the lattice depth 𝑉0. The lines are computed from the Landau-
Zener formula in eq. 4.54 and the spontaneous emission in eq. 4.9, which Ąts almost perfectly
for ∆𝑛 = 20 ℎ̄𝑘, but is scaled to the maximum measured transfer efficiency Ö for all other ∆𝑛.
For the data points with ∆𝑛 = 50 ℎ̄𝑘 and 100 ℎ̄𝑘 residual resonant tunneling is visible, which
was not taken into account in the curves. In principle, the amount of momenta which can be
transferred by Bloch oscillations in a given time is not fundamentally limited but purely technical.
A limitation that cannot easily be beaten is the spontaneous emission 𝑃sp. Spontaneous emission
effectively reduces the launched fraction of atoms Ö, since laser detuning 𝛥 and power 𝑃 cannot
be endlessly enlarged. For the chosen laser detuning of 𝛥 = 100 GHz even at the largest lattice
depth of 𝑉0 = 23 𝐸r, the fraction of spontaneous emission still stays at the few percent level.
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Figure 5.23: Landau-Zener losses for a transfer of different momenta ∆𝑛 in a given time of áacc = 1 ms
depending on the lattice depth 𝑉0. Up to ∆𝑛 = 100 ℎ̄𝑘 the remaining fraction of atoms in the target
momentum state can be held above Ö > 0.9. The lines are calculations of Landau-Zener losses and
spontaneous emission normalized to the measured maximum transfer efficiency.

∆𝑛 Ö ÖLZ/ℎ̄𝑘 Ösp

20 0.993 0.9999 0.992

50 0.946 0.9994 0.980

100 0.927 0.9995 0.972

200 0.542 0.9971 0.968

Table 5.1: Maximum total and
relative transfer efficiencies Ö
and Ö/ℎ̄𝑘 for different trans-
ferred momenta ∆𝑛 extracted
from the curves in Ąg. 5.23.

The results of the graph are summarized in tab. 5.1 together with
the relative Landau-Zener efficiencies ÖLZ/ℎ̄𝑘 and the surviving
fraction Ösp of atoms which are not spontaneously scattered. Up to
an acceleration of 100 ℎ̄𝑘/ms the relative transfer efficiencies can
be held at a level of ÖLZ/ℎ̄𝑘 > 0.999. For larger accelerations the
relative transfer efficiency starts to decrease, due to an insufficient
adiabaticity of the process. As seen for 200 ℎ̄𝑘/ms this decrease of
efficiency drastically reduces the remaining fraction of accelerated
atoms. For ∆𝑛 = 20 ℎ̄𝑘 the process is fully limited by spontaneous
emission, within the error of the measurement. This performance
would allow to transfer 1 000 ℎ̄𝑘 in at minimum áacc = 10 ms with
a remaining 50% fraction of accelerated atoms.



5.3 Relaunch of atoms in a retro-reflected optical lattice 75

5.3.2 Momentum inversion using double Bragg diffraction
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Fig. 5.24: Non-adiabatic losses dependent on
the residual momentum after the deceleration
by Bloch oscillations (a) and respective density
plots crossing the 0 ℎ̄𝑘 momentum state, where
the atoms are resonant to both lattices (b).

With Bloch oscillations it is possible to slow the
atoms down after free fall with high efficiency. But
it is not possible to entirely stop them or to even in-
vert their momentum and accelerate them upwards
again without loosing a major fraction of atoms.
The closer the velocity of the atoms to zero is, where
both lattices have the same frequency, the larger
losses occur to different momentum states. Fig-
ure 5.24(b) shows density plots of these losses then
the atoms are slowed down with Bloch oscillations
and the deceleration crosses the 0 ℎ̄𝑘 momentum
state. The losses can be understood due to standing
waves close to the zero momentum state, already
discussed in sec. 5.2 and the inĆuence of the dual-
lattice conĄguration, which will be discussed in
more detail in sec. 7.2. The deceleration leads to
a Ąnal atomic momentum state as an approximate
multiple 𝑛 of ⊗2 ℎ̄𝑘, referenced to atoms at rest.
According to Ąg. 5.24(a) the losses start to increase
beyond ⊗8 ℎ̄𝑘, at which the unloading is still nearly
undisturbed. It is supposed, that these losses are
symmetric around the zero momentum, therefore
the preferred momentum state to begin the second
acceleration sequence with would be +8 ℎ̄𝑘. The
deceleration for the atom-chip gravimeter should be
chosen such, that the atoms are unloaded from the
lattice with as small as possible residual velocity
but before non-adiabatic losses occur.

Optimized double Bragg pulse to invert the momentum

After the deceleration by Bloch oscillations the momentum is inverted with a higher-order double
Bragg diffraction pulse. Using a single higher-order pulse has the advantage, that the relative
laser frequency ∆Ü is Ąxed during the interaction and at no time the frequency of both lattices
is the same. The total momentum to bypass with this pulse is 16 ℎ̄𝑘, which is equivalent to
fourth-order double Bragg diffraction. To drive this high order demands large laser powers
and low Ćuctuations as well as a narrow velocity distribution and low Ćuctuations of the initial
motion of the ensemble (see sec. 5.2). Using sequential transitions as in eq. 4.22 is not an option,
since the described losses occur there as well. To increase the transfer efficiency, rather than
using a resonance frequency of ∆Ü = 2𝑛 ≤ ær with 𝑛 = 8 for single or 𝑛 = 4 for double Bragg
diffraction, instead a frequency of ∆Ü = 10 ≤ ær = 75.5 kHz is chosen for the pulse, which is
detuned by 2 ær to the traditional fourth-order double Bragg resonance as depicted in Ąg. 5.25.
While the conventional fourth-order double Bragg resonance couples 0 ℎ̄𝑘 ⊃ ∘8 ℎ̄𝑘, the detuned
resonance couples ∓8 ℎ̄𝑘 ⊃ ∘8 ℎ̄𝑘 and hence directly inverts the momentum of the incoming
atoms. This process is possible because higher-order double Bragg diffraction has a much richer
structure than conventional couplings due to the four frequency components.
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Figure 5.25: The resonance condition (a) of the momentum inversion pulse ( ) is detuned 2 ær

from the fourth-order double Bragg transition ( ) and suppresses losses into the 0 ℎ̄𝑘 momentum
state via a violation of energy conservation. Density plots (b) of the momentum inversion with a
16 ℎ̄𝑘 double Bragg diffraction pulse (middle), compared to the atoms after the deceleration (left) and
a simple sweep through resonance with Bloch oscillations (right). The optimized transfer efficiency of
the inversion pulse is with Ö = 80-83% at the same level as in [67].

The main advantage of using this resonance lies in the detuning with respect to the energy of the
zero momentum state and suppresses its population. An exemplary density plot for such a double
Bragg pulse with a waveform length of á = 100µs and width of à = 12.5µs is shown in Ąg. 5.25(b)
at an efficiency of roughly Ö ≍ 0.8 for a condensate without and even slightly larger Ö ≍ 0.83
with delta-kick collimation (middle) compared to a sweep through the zero momentum state by
Bloch oscillations only (right). This efficiency for a transfer of 16 ℎ̄𝑘 is comparable to ref. [67].
The efficiency per transferred photon is Ö/ℎ̄𝑘 = 0.987, while for a fourth-order double Bragg
diffraction pulse it is measured to Ö/ℎ̄𝑘 = 0.915 which in total only leads to Ö ≍ 0.25.
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Fig. 5.26: The transfer efficiency Ö for a 16 ℎ̄𝑘
double Bragg pulse as a function of the delay 𝑡Ó

after deceleration before the pulse is applied.

Since the atoms are falling due to gravity the
Doppler effect needs to be compensated. For sin-
gle Bragg diffraction, the Doppler shift is simply
added to the relative laser frequency ∆Ü following
eq. 4.19. For double Bragg diffraction, it is not
possible to change the relative laser frequency to
a different value as ∆Ü = 75.5 kHz, because the
Doppler shift changes its sign dependent on the
direction of momentum transfer. Hence, the sym-
metry of the process is mandatory to invert the
momentum and both pairs of laser beams need to
be in resonance at once. Here, the Doppler shift
can be precisely adjusted by the timing of the pulse.
To make sure that an arbitrary Doppler shift can
be matched to the transition frequency, the lat-
tice deceleration sequence is not stopped exactly at
the ⊗8 ℎ̄𝑘 momentum state, but in between ⊗8 ℎ̄𝑘
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and ⊗7 ℎ̄𝑘 to continuously adjust the mismatch of the transition by a small pulse delay 𝑡Ó. This
gives rise to a detuning of Ó = 4 ⊗ 5 kHz to the resonance condition and a range to optimize the
delay within a few 100µs of free fall. The delay is then adjusted in steps of 10µs, corresponding
each to an additional Doppler detuning of 250 Hz, to optimize the resonance condition for the
pulse and thereby its diffraction efficiency as seen in Ąg. 5.26. The efficiency of the pulse is
limited due to the Ąnite momentum width of the condensate and the peak of the resonance is
reasonably Ćat for 1 ⊗ 2 kHz, which is quite resistant to jitter in laser power.

Comparison of the relaunch with and without the momentum inversion pulse

Figure 5.27 shows stepwise density plots of a complete relaunch sequence, to compare the new
composed relaunch sequence (a) to a single lattice acceleration (b). After an initial free-fall time
of áprep = 25 ms, a Doppler shift of 625 kHz occurs which requires a transfer of 34 ℎ̄𝑘 to reach
the ⊗8 ℎ̄𝑘, where the momentum is inverted by the double Bragg pulse. Since the number of
density plots in (a) and (b) is equal, the total transferred momentum is 76 ℎ̄𝑘 for 38 steps during
the single lattice acceleration, and respectively 90 ℎ̄𝑘 for the composed sequence, since a 2 ℎ̄𝑘
step is substituted by a 16 ℎ̄𝑘 double Bragg pulse. Note, that each density plot is normalized
individually, so only the relative atom number in each momentum state, which are separated
with a time of Ćight of 10 ms, is indicated but not between subsequents density plots. The
suppression of losses into other momentum states due to the double Bragg pulse is clearly visible.
That way, the fraction of launched atoms is greatly enhanced from 25% to 75% which would be
even slightly more for delta-kick collimated condensates. This efficiency results mostly from the
limited efficiency of the double Bragg pulse with only a small additional amount of spontaneously
scattered atoms during the Bloch oscillations. Since the losses due to the double Bragg pulse
occur only once, the increase of the momentum transfer only depends on the Bloch oscillations,
which allows to coherently relaunch atoms in meter sized fountains with this new method.

(a)

(b)
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0 ℎ̄𝑘

48 ℎ̄𝑘

17 × +2 ℎ̄𝑘
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20 × +2 ℎ̄𝑘

⊗42 ℎ̄𝑘

0 ℎ̄𝑘

34 ℎ̄𝑘

38 × +2 ℎ̄𝑘

1 mm
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Figure 5.27: Comparison between composed relaunch with a double Bragg pulse (a) or a single
lattice acceleration (b). In total the transferred fraction of atoms for the single lattice acceleration is
around 25%, while this fraction increases to more than 75% for the composed sequence.



78 5 Implementation of the experimental methods

5.3.3 Free expansion of the relaunched ensemble

In the frame of this study the effect of the relaunch on the velocity distribution of the ensemble
is investigated. A time series of density plots for two fountain parabolas relaunched after more
than áprep > 30 ms is depicted in Ąg. 5.28 for condensates with (a) and without (b) delta-kick
collimation. Already these density plots clearly reveal an inhomogeneous momentum broadening
caused by the relaunch. The reason for this broadening is attributed to the insufficient surface
quality of the atom chip. Anyway, the relaunch is still suitable to perform interferometry with,
because even after almost 100 ms of free fall and without delta-kick collimation the clouds are
still reasonably compact and detectable. In order to conĄrm the suspicion, that the atom chip
causes the broadening, the expansion is studied in detail. Three different implementations of
the relaunch will be employed in the fountain mode of the atom-chip gravimeter. Condensates
without delta-kick collimation are relaunched either after áprep = 25 ms or áprep = 31.2 ms and
the collimated condensates are relaunched after the longest time of áprep = 33.2 ms. Figure. 5.29
shows the expansions curves for all implementations and for comparison the initial expansion
rates for the condensate with and without delta-kick collimation are included. The linear Ątted
expansion rates and their relative ratio ∆𝑝 are listed in tab. 5.2.
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Figure 5.28: Fountain parabola for Bose-Einstein condensates with (a) and without (b) delta-kick
collimation relaunched after a waiting time áprep > 30 ms. The step size between each plot is 5 ms
and the expansion is anisotropic. At the beginning the losses during the relaunch are still observable.
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Relaunch Before After ∆𝑝

áprep (ms) µm/s µm/s

w/o DKC 𝑦 648 3110 4.8

after 25 ms 𝑧 610 519 0.9

w/o DKC 𝑦 487 1913 3.9

after 31.2 ms 𝑧 610 497 0.8

with DKC 𝑦 165 1467 8.9

after 33.2 ms 𝑧 131 148 1.1

Table 5.2: Summary of the expansion rates in
horizontal and vertical direction after relaunch
for condensates with and without delta-kick col-
limation obtained after waiting times áprep.

The relaunch has only marginal effect on the ex-
pansion rate in 𝑧-direction (vertical) shown in
Ąg. 5.29(b). The double Bragg pulse which inverts
the momentum even acts as a slight velocity and
spatial Ąlter for the uncollimated condensates [11,
64]. The expansion for the collimated ensemble de-
viates from the linear Ąt for expansion times larger
than 80 ms because due to the large extend in 𝑦-
direction also à𝑧 appears to be larger. In 𝑦-direction
(horizontal) a broadening ∆𝑝 is clearly visible in
Ąg. 5.29(a). The lager relative broadening for the
delta-kick collimated condensate is caused by the
reduced distance to the defect during the launch,
because the initial shift in the steeper trap prior
to the kick is smaller, than for the swallow trap
without delta-kick collimation (see sec. 5.1.1). Although, the relative broadening ∆𝑝 ≡ 9 is
the largest for the collimated ensemble, the net expansion of 1.5 mm/s is still smaller than
for the uncollimated condensates and even the largest expansion of 3.1 mm/s is still below the
recoil velocity (< 𝑣rec = 5.5mm/s). This momentum broadening is the current limitation of the
relaunch, since it causes larger expansion rates 𝑣𝑦 and sizes à𝑦 of the condensate as given by the
initial expansion or even the delta-kick collimation.
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Figure 5.29: Expansion rates of the launched ensembles for different cases in horizontal (a) and
vertical (b) direction. The relaunch is applied after 25 ms ( ) or 31.2 ms ( ) for Bose-Einstein
condensates released from the shallow trap without delta-kick collimation ( ) and after 33.2 ms ( )
for condensates released from the steeper trap with delta-kick collimation ( ).

Analysis of the horizontal momentum broadening

Three different effects can possibly cause a momentum broadening during the relaunch: heating
due to spontaneous scattering of photons, interactions due to the high density of a Bose-Einstein
condensate or a broadening due the potential of the lattice in combination with the surface quality
of the atom chip. A broadening caused by heating due to spontaneous scattering of photons like
in an optical molasses [276] can be directly ruled out by the observation of the anisotropy of
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the measured expansion, because the spontaneous decay is not a directed process. Additionally,
spontaneous scattering would heat up the ensemble to the recoil velocity. Concerning atomic
interactions it is known, that the high atomic density of a Bose-Einstein condensate can cause
heating in an optical lattice [235, 277Ű279]. From the literature these effects would be expected
to cause a heating in the direction along the lattice, so in 𝑧-direction, because the conĄnement
perpendicular to the lattice in a collimated beam is rather negligible.

Double Bragg diffraction can be used as a tool to position-dependently analyze the surface
quality of the atom chip, by kicking the atoms horizontally prior to the relaunch to have a larger
distance to the defect. The problem connected to double Bragg diffraction at this point is, that
the atoms cannot be simply displaced but rather keep the lateral velocity and the atom number is
reduced by two. Figure 5.30 shows the time of Ćight measurements (a) and extracted expansion
rates (b) for different initial shifts realized with a varying number of double Bragg pulses for
delta-kick collimated condensates. The plots show, that in fact the momentum broadening can
be lowered with a shift far below the largest expansion rate observed at the central position,
but still not as low as without the relaunch. However, to acceptability implement this in the
experiment the optical setup needs to be changed.
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shallow trap ( ) and condensates released from the steeper trap with delta-kick collimation( ).



CHAPTER 6

Atom-chip gravimeter

Gravimetry with atomic quantum sensors based on laser-cooled atoms has a more than two
decades long history [8, 9, 12] and can today reach very high accuracies competitive to falling
corner cube gravimeters [30]. Compact gravimeters using Bose-Einstein condensates have been
demonstrated only recently [97, 156]. Due to their small extent and expansion, condensates
which are delta-kick collimated have attracted attention for large scale devices on ground [99]
and in space missions [280]. In the light of these experiments systematic uncertainties speciĄc
to Bose-Einstein condensates have been analyzed [281, 282] and novel techniques have been
introduced, which are not applicable to laser-cooled atoms [100]. These achievements will allow
sensors relying on Bose-Einstein condensates to target sub-µGal accuracies in the near future and
to overcome current limitations set by laser cooled atoms [12, 54Ű56]. The use of a chip-based
source for such a sensor, utilizing the atom chip for all preparation steps and itself as a retro-
reĆector is a novelty in the presented work. Although this experiment is currently at the status of
proof-of-principle, this result represents an important pathway to the application of an atom-chip
gravimeter for precision measurements, that are of importance in e.g. the Ąeld of geodesy. In
particular these results demonstrate the complete functionality and methods of atom-chip-based
gravity measurements, that will be needed for the future gravimeter QG-I (see 8.1). The results
shown in this chapter represent the Ąrst realization of a quantum gravimeter with an atom-chip
device and a selection of these results have been published in ref. [156].

In the course of this chapter, the various experimental results with the two different implemen-
tations of a prototype atom-chip gravimeter are discussed (sec. 6.1). The Ąrst implementation
uses dropped Bose-Einstein condensates for interferometry and demonstrates the methods to
evaluate the sensitivity to the gravitational acceleration (sec. 6.2), which is completely limited by
statistical noise from vibrations. The precision of the experiment can be improved by eight hours
of integration down to ∆𝑔/𝑔 = 1.3 ≤ 10⊗5, demonstrating the long term stability. To demonstrate
high sensitivities in the atom-chip gravimeter a fountain is implemented (sec. 6.3) which allows
for an enlarged pulse separation time of up to 𝑇 = 25 ms and reaches an intrinsic sensitivity of
up to ∆𝑔/𝑔 = 1.4 ≤ 10⊗7 at a contrast of 𝐶 = 0.8. At these high sensitivities the performance
of the Mach-Zehnder interferometer is evaluated using purely statistical methods. The use of a
PCA-based evaluation allows to overcome a loss of contrast which is caused by dephasing due to
curved wave fronts for third-order Bragg diffraction and a regain of contrast from 𝐶 = 0.35 to
0.72 is observed. Finally, estimations on systematic uncertainties are performed to Ąnd possible
mitigation strategies (sec. 6.4.1). These mitigation strategies are the key for future experiments,
which are by design build for gravimetry, to reach sub-µGal accuracies in the near future.

81
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6.1 Operation of the atom-chip gravimeter in two modes

The atom-chip gravimeter is implemented with a Mach-Zehnder interferometer in two different
modes: with dropped Bose-Einstein condensates (sec. 6.1.1) and with a fountain using the
relaunch technique (sec. 6.1.2). While the drop mode is in the Ąrst place very simple to realize,
it is shown, that the fountain mode can reach high intrinsic sensitivities and allows to integrate
delta-kick collimation into the sequence. For these reasons, the fountain mode is superior with
respect to the drop mode and the necessary step towards a precision measurement with such a
scheme in the future. In this section, the sequences of both modes are described in detail with
the parameters investigated during the implementation of the experimental methods in chp. 5.

Comparison between the different atomic sources
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Fig. 6.1: Density plots of atomic
clouds for delta-kick collimated en-
sembles and BECs after 34 ms of ex-
pansion (a,c) as well as after relaunch
with extended time ToF = 93/97 ms
(b,d). The plots with smaller ToF
are magniĄed by two in size.

Two different source conĄgurations for the generation of
a Bose-Einstein condensate can be used in the atom-chip
gravimeter. In the Ąrst conĄguration, Bose-Einstein conden-
sates are employed which are released from the shallow trap
with the shift of 𝐼K2 = ⊗1 A introduced in sec. 5.1.1. With
trapping frequencies of 𝑓(x,y,z) = (18, 46, 31) Hz an expan-
sion rate along the beam splitting axis of à𝑣 = 750µm/s ⊕
0.125 ℎ̄𝑘 is measured which corresponds to an effective tem-
perature in the direction of the beam splitter of about 5-10 nK.
This conĄguration is the perfect choice for experiments with
dropped condensates when the time of Ćight is constrained
by the end of the detection region to ToF = 34 ms where
the clouds are still reasonably small without delta-kick col-
limation. In the second conĄguration, delta-kick collimated
condensates are used following the protocol developed in
sec. 5.1.2. Prior to the kick, the condensates are generated
in a steep trap with frequencies 𝑓(x,y,z) = (18, 131, 127) Hz at
initially higher expansion rates of à𝑣 = 1.6 mm/s ⊕ 0.3 ℎ̄𝑘.
Delta-kick collimation is applied by switching on this release
trap again after expansion for áexp = 6 ms for ádkc = 280µs
to collimate and further reduce the expansion of the atomic
ensemble below 1 nK to 150µm/s ⊕ 0.025 ℎ̄𝑘. While it is not
possible to use the second conĄguration with delta-kick col-
limation in the drop mode of the gravimeter, in the fountain
mode both sources can be employed and the inĆuence of the
momentum width on the Bragg efficiencies can be studied. A
lower momentum width is especially for higher-order Bragg
diffraction beneĄcial. Figure 6.1 compares the sizes of both
of these sources after a free-fall time of ToF = 34 ms, which

is the limit of the drop mode and for ToF > 90 ms which is only achievable in the fountain mode.
In this Ągure the density plots for the smaller free-fall times (a,c) are magniĄed by a factor of two.
These reveal, that the difference between the two source conĄgurations in only short free-fall
time is not drastically. There is a difference in size, but both ensembles are still compact and
dense. For larger free-fall times of ToF > 90 ms this situation changes and a condensate without
delta-kick collimation appears rather dilute and less dense. A reduced Ąnal cloud sizes at the
output ports also leads to smaller Ąnal separation times ásep and more time for interferometry.
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6.1.1 Gravimeter using dropped Bose-Einstein condensates

The sequence of the atom-chip gravimeter with dropped atoms is kept simple and only integrates
the most essential steps, in order to achieve a sufficient pulse separation time, which determines
the sensitivity of the Mach-Zehnder interferometer. This sequence is depicted in a space-time
diagram in Ąg. 6.2 which contains the timings after release of the condensate from the trap
and the corresponding heights in the detection region. It consists of only three steps: I. the
atomic state preparation via an adiabatic rapid passage, which consumes the total preparation
time áarp = 10.2 ms, II. the Mach-Zehnder interferometer formed by three Ąrst-order Bragg pulses
with pulse separation times between 𝑇 = 1 ⊗ 5 ms and III. the spatial output port detection.

The Mach-Zehnder interferometer can in principle be performed with momentum transfer
either in upward or downward direction to characterize systematic effects which are dependent on
the recoil of the beam splitter [18, 138]. However, since these effects are at the moment expected
to be negligible (see sec. 6.4.1) only the upward diffraction is used instead of an interleaved
operation between both upward and downward direction, which is called a Şk-ĆipŤ measurement.
The time ásep ⊙ 13 ms for separating the output ports guarantees a clean separation after a total
time of Ćight of ToF = 34 ms. A clean separation of the output ports maximizes the achievable
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Figure 6.2: The experimental realization of the atom-chip gravimeter using dropped atoms, operates
with condensates released from the shallow trap with frequencies of (46, 31, 18) Hz and expansion rates
of à𝑣 = 750µm/s ⊕ 0.125 ℎ̄𝑘. The sequence employed for the determination of gravity consists of three
segments: the atomic state preparation via an adiabatic rapid passage ( ), which consumes the total
preparation time áarp = 10.2 ms, the Mach-Zehnder interferometer with pulse separation times ranging
from 𝑇 = 1 ⊗ 5 ms and the spatial output port detection after a Ąxed time of Ćight ToF = 34 ms.
Constraining the pulse separation to 𝑇 ⊘ 5 ms leaves the output ports sufficient time ásep > 13 ms
to separate ( ). The MZI can be performed with momentum transfer either in upward ( ) or
downward ( ) direction to characterize systematic effects [18, 138].
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interferometric contrast 𝐶 and directly inĆuences the intrinsic sensitivity of the Mach-Zehnder
interferometer. Adding up áarp, ásep and 𝑇 makes it plausible, that a more complex preparation
or larger pulse separation times is not possible in this small detection volume.

First-order Bragg diffraction with a Gaussian-shaped pulse envelope of an overall duration
of á = 200 µs corresponding to a Gaussian width of àá = á

8 = 25µs is employed to realize
the Mach-Zehnder interferometer. The pulseŠs Fourier width of àÜ = 0.3 ℎ̄𝑘 is sufficiently wide
even for the à𝑣 = 0.125 ℎ̄𝑘 momentum width of the condensate without delta-kick collimation.
The diffraction efficiency is in the order of Ö1st = 0.95, which is limited by spurious thermal
background atoms and spontaneous emission, but is close to the limit predicted by the theory [66].
The pulse amplitude is adjusted to either drive a Þ- or Þ

2 -pulse according to the measurements
performed in sec. 5.2 at a constant pulse duration àá for all pulses. At each pulse, the Doppler
shift æ0 during free fall is accounted for by adapting the relative laser frequency ∆Ü. The phase
shift at the output ports of the Mach-Zehnder interferometer ∆ã is calculated as in sec. 4.3.1.

6.1.2 Fountain gravimeter with extended free-fall time

The space-time diagram of the fountain geometry is schematically depicted in Ąg. 6.3. Additionally,
Stern-Gerlach-type deĆection is performed subsequent to the adiabatic rapid passage by a
magnetic Ąeld pulse using the Z-wire with a duration of áSG = 7 ms. Thereby, remaining atoms
in magnetic sensitive states are removed to enhance the contrast. The maximum value of áprep

is limited to 34 ms given by the end of the detection region at 7 mm below the chip. The
relaunch process itself follows the optimization investigated in sec. 5.3 and has in the sequence
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Figure 6.3: Experimental sequence of the fountain geometry with extended free-fall time of up to
ToF ≡ 100 ms. The preparation of the atomic ensemble is performed in áprep before the relaunch.
Due to the elongated free-fall time it also allows for DKC ( ) to reduce the expansion rate, as
well the ARP ( ) and Stern-Gerlach-type deĆection ( ) to remove remaining atoms in magnetic
sensitive states. The relaunch in the retro-reĆected optical lattice ( ) itself is realized as introduced
in sec. 5.3. The Mach-Zehnder interferometer ( , ) features up to third-order Bragg diffraction,
pulse separation times up to 𝑇 = 25 ms and a detection after a separation time of ásep ⊙ 10 ms ( ).
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an overall duration of álaunch = 2.9 ms. With a relaunch realized after the largest waiting time
of áprep = 33.2 ms the total time of Ćight after initial release of the atoms is greatly enlarged to
ToF = 97.6 ms. The actual interferometer is operated after the atoms have been launched on the
fountain trajectory. The Ąnal waiting time after a ToF > 90 ms to separate the output ports
can be reduced from ásep ⊙ 20 ms to ⊙ 10 ms if delta-kick collimation is used. The remaining
time 2𝑇 = ToF ⊗ áprep ⊗ álaunch ⊗ ásep < 51 ms can be entirely used for the interferometry, which
allows for a pulse separation time as large as 𝑇 = 25 ms.

Implementation of higher-order Bragg diffraction

State-of-the-art Raman-type gravimeters routinely operate with pulse separation times of
70 ms [56] or more [12, 55]. To further increase the scaling factor, not only Ąrst-order but
also higher-order Bragg diffraction can be implemented in the Mach-Zehnder interferometer. At
the current status of the experiment third-order Bragg diffraction can be performed with an
efficiency of above 90%. With future improvements, already fourth-order Bragg diffraction would
permit to compensate a decrease of a factor of two in the pulse separation time 𝑇 .

To allow for higher-order Bragg diffraction, the beam splitter pulses use Gaussian-shaped
envelopes with shorter waveform lengths of á = 100µs and Gaussian widths of àá = 12.5µs but
at larger laser powers 𝑃 . The Ąrst Þ

2 -pulse of the Mach-Zehnder interferometer follows with a
short delay of one millisecond after the relaunch to maximize the time usable for interrogation.
The timing of the Mach-Zehnder interferometer needs to be asymmetrically around the apex
of the fountain, to avoid Þ-pulses at the apex. In this case, both lattices are in resonance and
losses due to double Bragg diffraction and standing waves would disturb the Þ-pulse, as discussed
in sec 5.2. In consequence, the Doppler detuning of the Þ-pulse should not be smaller than
Ó > 100 kHz or correspondingly the time difference to the apex of 7 ⊗ 8 ms. Respectively, the
separation time of the outputs in the end is always larger than ásep > 14 ms.

However, larger momentum transfer slightly reduces the free-fall time, because depending on
the direction of momentum transfer ∘𝑘eff the atoms are either kicked towards the atom chip,
or downwards such that they leave the detection region faster. By choosing the momentum
transfer of the second and Ąnal lattice acceleration in the relaunch sequence according to the
direction of the beam splitterŠs momentum transfer, the height of the parabola can be maximized
and in consequence the pulse separation time 𝑇 can be held constant, independently of ∘𝑘eff as
depicted in Ąg. 6.3. In both cases for larger momentum separation the point of detection and in
consequence the free-fall time ToF of the atoms are slightly reduced by ToF = 3 ≤ áprep ⊗ 𝑛 ≤ 𝑣r/𝑔.

6.2 Results using dropped Bose-Einstein condensates

In this section the results for the determination of local gravity with an atom-chip gravimeter
using dropped Bose-Einstein condensate are presented. Some more experimental details can be
found in a previous master thesis [171]. The Mach-Zehnder interferometer with a pulse separation
time of 𝑇 = 5 ms achieved the determination of local gravity with a precision of ∆𝑔/𝑔 = 1.3 ≤ 10⊗5

at a contrast of 𝐶 = 0.75 after roughly eight hours of integration, purely limited by vibrational
background noise. However, the phase read-out of the Mach-Zehnder interferometer is operated
very close to the shot-noise limit for 𝑁 = 104 atoms, that would allow to determine gravity with
an intrinsic sensitivity of ∆𝑔/𝑔 = 3.2 ≤ 10⊗6 per experimental cycle. First, some requirements
and characterizations have to be fulĄlled. The performance of the employed Mach-Zehnder
interferometer is analyzed, taking into account the limits set by shot noise, as well as technical
noise on the phase read out in the setup (sec. 6.2.1). Afterwards, the results for the determination
of local gravity (sec. 6.2.2) and its stability (sec. 6.2.3) are presented.
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6.2.1 Intrinsic performance evaluation

The intrinsic sensitivity of an interferometer includes only noise sources which are intrinsic to the
atom interferometer itself. These sources are arising from the beam splitter due to Ćuctuations of
the laser intensity or the imprinted phase, the detection as well as the quantum projection noise.
In consequence, the intrinsic sensitivity is determined in the absence of any noise sources which
are included in the measured signal, as vibrations. The intrinsic performance evaluation gives
rise to important key parameters of the atom-chip gravimeter, as the interferometric contrast 𝐶
and the stability of the output phase à∆ã throughout integration. The stability of the beam
splitting process is of major importance, since a changing Bragg diffraction efficiency can not
easily be distinguished from a phase change due to a variation in the signal. In the end, this
discussion gives an insight into the limitations of the presented atom-chip gravimeter.

Contrast extraction from the fringe scan

An important lever on the experimentŠs sensitivity is the interferometric contrast 𝐶, because it
directly scales to the sensitivity of a measurement for a given interferometer output signal. The
interferometric contrast is deĄned by the amplitude 𝐴 of a laser phase scan, the so called ŞfringeŤ,
divided by its mean 𝑃0 and normalized between zero and one. A Mach-Zehnder interferometer
where all three pulses are applied subsequently to each other and the pulse separation time 𝑇
is vanishing, operates in a regime where technical noise contributions dominate, because the
sensitivity to inertial noise is very small. Figure 6.4 shows a fringe scan of a Mach-Zehnder
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Figure 6.4: The interferometerŠs contrast 𝐶 and the read out noise of the measurement is determined
by a phase scan (a). The pulse separation time is chosen to be only 𝑇 = 0 to obtain only low inertial
sensitivity. The interferometric contrast is calculated to 𝐶 = 0.84. The phase noise is in the order of
15 to 20 mrad depending on the portŠs population. Top- and bottom-fringe positions suffer from a
larger relative contribution of detection noise due to the lower atom number in one of the output
ports. The density plot (b) shows the raw image series used for the evaluation.
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interferometer with 𝑇 = 0 and changing laser phase ∆ã from which the contrast is determine to

𝐶 =
𝐴

𝑃0
=

0.425
0.515

= 0.84, (6.1)

that is in well agreement to the diffraction efficiency Ö3
1st = 0.953 = 0.84 multiplied three times.

The sensitivity of the interferometer to phase changes is determined by the slope of the sinusoidal
signal. Figure 6.4 deĄnes the point of equally distributed output ports (the so called Şmid-fringeŤ),
where the slope is maximal and the points of maximal imbalanced population (the so called Ştop-
and bottom-fringeŤ), where the slope is zero. As a result the sensitivity of a fringe scan with
equal steps in phase is reduced by a factor of

√
2 compared to a mid-fringe measurement. If

vanishing inertial sensitivity is supposed, the standard deviation of the fringe Ąt directly gives
a Ąrst estimate on the intrinsic noise. This deviation is determined between 15 to 20 mrad
dependent on the population of the ports, with the smallest deviation at mid-fringe position.

Stability of beam splitter and phase readout

The performance gain in resolution of a measured value throughout integration for a given time 𝑡
can be inferred from the so called Allan deviation [283] deĄned by

àadev(𝑡) =
√︀

à2(𝑡) =

√︂

1
2

⟨(𝑥′ ⊗ 𝑥)2⟩, (6.2)

for two subsequent measurements 𝑥 and 𝑥′. The maximum number of samples or the longest
time to integrate over in the Allan deviation, is one-third of the amount of taken data points,
because some statistical independence between the intervals is required.
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Figure 6.5: Integration behavior for the diffraction efficiency of a Þ-pulse ( ) and the phase
read out of a Mach-Zehnder sequence with 𝑇 = 0 ( ) over roughly one hour of integration time 𝑡.
The starting value of the Allan deviation à represents the noise per measurement and it is lower at
mid-fringe position than for a single Þ-pulse (à∆ã = 11.5 ∘ 1 mrad compared to àÞ = 17.5 ∘ 1 mrad).

Figure 6.5 shows the Allan deviation of the stability an hour of the diffraction efficiency for a
single Þ-pulse as well as a Mach-Zehnder interferometer with 𝑇 = 0 and a laser phase adjusted
to the mid-fringe position measured for roughly. The Ąrst value in the Allan deviation is called
the Şshort-term noiseŤ of the measurement. It turns out, that the phase noise of the output of
the Mach-Zehnder interferometer à∆ã = 11.5 ∘ 1 mrad at mid-fringe position is lower than the
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noise àÞ = 17.5 ∘ 1 mrad of a single Þ-pulse, as expected from the fringe scan. The lowest values
in the Allan deviation are reached for the Mach-Zehnder interferometer with à∆ã = 1.5 ∘ 1 mrad
after 𝑡 = 3 000 s of integration and for the Þ-pulse with à∆ã = 3.9 ∘ 1 mrad after 𝑡 = 2 000 s.
Thus, the detection noise for largely unequal population is higher, than for equal populations,
because the clouds have a much lower density for atom numbers close to zero.

Contrast reduction due to atoms in magnetic sensitive states

Two typical mechanisms that contribute to a loss of contrast are dephasing and incoherent loss of
atoms. An in-coherent loss of atoms is caused by a number of technical effects, like the limited
beam splitter efficiency and spontaneous emission [64]. In contrast, dephasing occurs when atoms
still close an interferometer, but with position dependent output phases across the ensemble [88].
Normally, these dephasing processes scale with the pulse separation time 𝑇 . The contrast for
non-vanishing pulse separation times 𝑇 = 1 ms to 𝑇 = 5 ms reduces according to tab. 6.1 from
𝐶 = 0.84 to 0.75. This reduction of contrast can be according to sec. 5.1.3 mainly attributed to
dephasing of atoms in different 𝑚F states. While most of the atoms are prepared in the 𝑚F = 0
state, approx. 5% of the atoms remain in magnetic sensitive states after the sub-state transfer.
These atoms are still coherent and close interferometers, whose phases are due to magnetic
stray Ąelds depending on 𝑇 more or less off-phase and can therefore in the worst case reduce
the contrast by approx. 0.1. The measured drop of contrast for atoms in 𝑚F = 0 state is in
agreement to this. This behavior is proven by a Mach-Zehnder interferometer performed with
atoms in the 𝑚F = ⊗2 state, where no decreasing contrast with increasing 𝑇 is observed.

Summary of shot-noise limits and intrinsic sensitivity

𝑇 (ms) 𝐶 ∆𝑔/𝑔

0 0.84 -

1 0.82 5.8 ≤ 10⊗5

2 0.78 1.8 ≤ 10⊗5

3 0.77 8.3 ≤ 10⊗6

4 0.76 4.8 ≤ 10⊗6

5 0.75 3.2 ≤ 10⊗6

Source Noise estimate

àqpn 11.9 mrad

à∆ã (11.5 ∘ 1) mrad

àÞ (17.5 ∘ 1) mrad

Table 6.1: Intrinsic sensitivity for
pulse separation times of 𝑇 = 1⊗5 ms,
their respective contrasts 𝐶, with an
atom number of 𝑁 = 10 000 and a
Ąrst-order Bragg diffraction.

A lower bound on the experiments sensitivity is given by the
quantum projection noise àqpn, or short shot-noise. This limit
is a direct consequence of the statistical nature of quantum
mechanics. The arising noise contribution to the atom inter-
ferometer is computed taking only into account the detected
atom number 𝑁 = 10 000 at a given contrast of 𝐶 = 0.84

àqpn =
1

𝐶
√

𝑁
⊙ 11.9 mrad. (6.3)

The shot-noise àqpn represents the minimal phase difference
or resolution detectable on a fringe scan. This contribution is
in agreement to the phase readout noise, determined from the
Allan deviation in Ąg. 6.5. So within the uncertainty of this
measurement, the experiment is operated at the shot noise
limit or in the worst case close by. The intrinsic sensitivity
limit on the gravity measurement is estimated by

∆𝑔/𝑔 = à𝑞𝑝𝑛 ≤ à𝑔 =
1

𝐶
√

𝑁𝑔𝑘eff𝑇 2
, (6.4)

with the interferometric contrast 𝐶 for each 𝑇 and à𝑔 the response or scaling factor of the
interferometer to changes in 𝑔. The values for intrinsic noise limits in the experiment computed
from eq. 6.4 for separation times ranging from 𝑇 = 1 ms to 𝑇 = 5 ms are depicted in tab. 6.1.
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6.2.2 Determination of local gravity

In this section the methods to determine gravity with the atom-chip gravimeter are be investigated.
Testing of the prototype for gravity measurements is challenged by the setup, which was originally
built for different purposes, and the unsuited environment at the drop tower.

There are two commonly used techniques, how gravity can be read out from an atom interfero-
metric measurement. In order to determine the local gravitational acceleration from the output
phase ∆ã of an atom interferometer in eq. 4.59, there are two free parameters to vary, namely
the pulse separation time 𝑇 and the chirp rate Ð of the relative laser frequency. The wave front
acceleration 𝑎 = 2ÞÐ/𝑘eff extracted from the chirp rate Ð can be compared to a independently
determined reference value for gravity 𝑔ref or a detailed error analysis can be performed. These
two different methods of the determination of gravity will be demonstrated experimentally. They
both make use of the fact, that if the chirp rate Ð of the light Ąeld is matched to the free-fall
rate of the atoms the phase shift at the output ports vanishes

∆ã(Ð,𝑇 ) = (𝑘eff ≤ 𝑔 ⊗ 2ÞÐ)𝑇 2 ⊕ 0 for Ð = 𝑘eff ≤ 𝑔/2Þ. (6.5)

Due to the efforts waged in the German gravity network, the Bundesamt für Kartographie und
Geodäsie (BKG) [284] is able to provide an independently determined reference value for the
gravitational acceleration 𝑔ref . It is composed of several reference points within Germany, which
are then interpolated with a well tested model to provide a closed gravity system.

Large scale variations ∆𝑔/𝑔

Centrifugal force 10⊗3

Regional scale 10⊗6

Tidal effect 10⊗7

Local mass variations ∆𝑔/𝑔

Buildings 10⊗8

Trains, people 10⊗9

Geological effects ∆𝑔/𝑔

Tectonics 10⊗9

Vulcanology 10⊗9

Atmospheric effects ∆𝑔/𝑔

Pressure 3 ≤ 10⊗9/mbar

Free air 3 ≤ 10⊗9/cm

Table 6.2: Gravity variations.

Table 6.2 lists causes for gravity variations and their respec-
tive magnitudes. The modelŠs precision is computed to the
limit of the temporal variation arising from tides and thus
can not include local variations as the building itself or other
heavy masses around the experiment. The given reference
value at the position of the ZARM and an approximate
ground Ćoor height of 1.76 m above normalized water level is

𝑔ref ∘ ∆𝑔ref = (9.81327 ∘ 0.00002)
m
s2

. (6.6)

Local gravity is deĄned as the sum of the gravitational and the
centrifugal acceleration at a given latitude, which is the cause
of the global scale variation. The centrifugal contribution in
our experiment can be calculated with a latitude at reference
position in Bremen of Õref = 53.1◇ to

𝑎cen = 𝑅E(𝛺EcosÕref)
2 = 1.28 ≤ 10⊗2 m

s2
(6.7)

and is always included in the gravity measurements.

Vibrational noise measured with classical sensors

The intrinsic sensitivities estimated in tab. 6.1 would allow for seeing regional scale variations
and tidal effects through integration. A major problem performing gravity measurements which
prevents to reach a determination at the intrinsic sensitivities is arising from vibrational noise.
The phase changes due to vibrations are misinterpreted as changes in the measured signal and
can not be distinguished from the gravitational acceleration itself. The noise à∆ã measured at
the output of an interferometer with different 𝑇 is summed up in tab. 6.3. Vibrations are the
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dominant limitation for the experiment, since the capsule is non-isolated against the Ćoor. The
vibrations due to the ground motion inside the ZARM with the machines to operate the drop
tower, are three orders of magnitude larger than the current intrinsic sensitivities. But also active
elements within the drop capsule contribute to this noise which are not sufficiently damped, like
the water cooling of the MOT coils and fans from electronic devices.

𝑇 (ms) à∆𝛷 (mrad)

1 665

2 1127

3 1632

4 1920

5 2158

Device Noise ( m
s2 /

√
Hz)

IMU 1.3 ≤ 10⊗2

Guralp 1.2 ≤ 10⊗2

Table 6.3: Vibration noise
measured by the atom interfer-
ometer depending on the pulse
separation time 𝑇 and the com-
parison of two classical sensors.

The vibrational noise at the apparatus can be measured using
classical seismic sensors before atoms are used for experiments.
Two different sensors have been incorporated quantifying the
noise level of the drop capsule. The Ąrst one is a six-axis inertial
measurement unit of type iIMU-FCR-E-03, that was mounted
on top of the drop capsule and was used for previous experiments
with double Bragg diffraction as well as in the drop tower. The
second one is a frequently used three axis seismometer of the
type Guralp CMG-40T [285], that is mounted on a platform
rigidly attached to the mounting structure of the drop capsule at
the height of the vacuum system. The noise measured by these
sensors in Ąg. 6.6(a) is at a level of àvib = 1.3 ≤ 10⊗2 m

s2 /
√

Hz,
that is roughly a factor of four above the IMUs speciĄed noise
Ćoor of 300 Û𝑔/

√
Hz and in agreement to the value determined

by the Guralp CMG-40T. In order to suppress vibrations, one
can either shield the device or correct for the noise. The power
spectral density measured with the Guralp CMG-40T at our

platform is depicted in Ąg. 6.6(b) compared to an exemplary one on a minus-k passive isolation
platform taken at the IQ. A vibration isolation sufficiently suppresses noise frequencies above
1 Hz and for example a noise value of àvib = 6 ≤ 10⊗6 m

s2 /
√

Hz has previously been reached at
the IQ [85]. Alternatively, a correlation of the two can be used to subtract vibrations from the
measured signal [286]. In QUANTUS-1, due to the relatively large distance between classical
device and atom chip - the inertial reference point - it will be challenging to establish decent
correlation between them. A more detailed investigation will be left to future work.
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Figure 6.6: Allan deviation (a) of the vibrational noise at the experimentŠs platform measured with
a Guralp CMG-40T ( ) and a iIMU-FCR-E-03 ( ) as well as the power spectral density (b)
of the Guralp compared to the one taken with the same device on a Minus-K ( ) platform.
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Scanning the pulse separation time

The Ąrst method to determine gravity directly follows the example in Ąg. 4.19 and obtains a
chirped fringe pattern by increasing the pulse separation time 𝑇 subsequently in between each
measurement. This chirped fringe pattern looks similar to the signal obtained by a falling corner
cube gravimeter [30, 48, 287]. The major difference between these two lies in the fact, that in
the case of an atom interferometer a number of experimental cycles are needed to obtain a single
fringe pattern. This has the downside, that the atom interferometer is not operated at Ąxed
sensitivity for all data points. In contrast the test mass in the falling corner cube gravimeter is
interrogated continuously by the laser, generating a complete fringe pattern each experimental
cycle. To ensure a non-vanishing phase shift at the output ports a slightly off resonant chirp
rate of Ð0 = 25.632 MHz/s is chosen which would correspond to a gravitational acceleration
of 𝑔Ð0 = 10 m

s2 . The scanned parameter ranges from 𝑇min = 150µs to 𝑇max = 3.75 ms and the
resulting fringe pattern is displayed in Ąg. 6.7. For larger pulse separation times the phase noise
gets too large for the Ąt function and a further averaging the data points would be required.
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Figure 6.7: Determination of local gravity via a scan of the pulse separation time from 𝑇min = 150µs
to 𝑇max = 3.75 ms and for a given chirp rate Ð0 = 25.632 MHz/s. The black line is given by the Ąt
routine from which a value for local gravity of 𝑔 ∘ ∆𝑔 = (9.8141 ∘ 0.0019) m

s2 is determined.

To extract a gravity value from the chirp fringe the Ąt function 𝑓(𝑇 ) with two parameters
amplitude 𝐴 and offset 𝐵 Ąts the phase ãoffset to the data set:

𝑓(𝑇 ) =
1
2

[𝐵 ⊗ 𝐴 ≤ 𝑐𝑜𝑠(2Þ(Ð ⊗ Ð0)𝑇 2 ⊗ ãoffset)]. (6.8)

The chirp rate Ð found in eq. 6.8 and its Ątting error correspond to the measured gravitational
acceleration that can be determined with eq. 6.5 to a value of

𝑔 ∘ ∆𝑔 = (9.8141 ∘ 0.0019)
m
s2

. (6.9)

This measured value is in good agreement to the reference value 𝑔ref within its precision. The
difference between mean and reference value of 𝑔 ⊗ 𝑔ref = 8.5 ≤ 10⊗5 is actually signiĄcantly
lower than the Ątting error of ∆𝑔/𝑔 = 1.9 ≤ 10⊗4 which is an indicator for purely statistical
measured noise and the result would improve by integration. The effect of the Ąnite pulse length
is neglected here, because the correction would be below the precision of the measurement.
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Central fringe determination

The second method to determine gravity is to vary the chirp rate Ð of the relative detuning ∆Ü(𝑡)
between the beam splitting light Ąelds during the interferometer while leaving 𝑇 and the scaling
factor constant. The fringe pattern has a common minimum, that is independent of 𝑇 if systematic
bias shifts are negligible. To identify this so called Şcentral fringeŤ a calibration measurement for
different pulse separation times 𝑇 is performed as displayed in Ąg. 6.8. Hereby, the effect of the
Ąnite pulse times is corrected for in the phase, to identify the correct fringe.
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Figure 6.8: Central fringe determination for three different pulse separation times 𝑇 = 1 ⊗ 5 ms.
Note, that the data points for 𝑇 = 2 and 4 ms are not depicted to enhance the readability. Due to
vibrational background, which increases with 𝑇 , additional 2⊗3 data sets were taken for 𝑇 = 3⊗5 ms
to perform fringe Ątting with already averaged values and to read out the central fringe position.
This limits the determination of local gravity to ∆𝑔/𝑔 = 5 ≤ 10⊗5. For scaling factors beyond 𝑇 = 5 ms,
the vibrational noise exceeds Þ and a determination of a central fringe is no longer possible.

𝑇 (ms) 𝑔 ∘ ∆𝑔 ( m
s2 )

1 9.8102 ∘ 0.0012

2 9.8123 ∘ 0.0011

3 9.8133 ∘ 0.0005

4 9.8134 ∘ 0.0006

5 9.8137 ∘ 0.0006

Table 6.4: Gravity values de-
termined from a central fringe
measurement for pulse separa-
tion times 𝑇 = 1 ⊗ 5 ms.

With increasing 𝑇 the scaling factor for gravity increases as well
and therefore the number of minima within a certain interval.
Measurements with smaller scaling factor give rise to a rough
estimate of the correct center position, while larger scaling factors
achieve higher intrinsic sensitivities. Once the central fringe
is identiĄed, one has the possibility to only operate at highest
sensitivity and track this central fringe only, if the signal is not
changing more than one fringe spacing. The values for local gravity
and their respective uncertainties obtained for Ąve different 𝑇 are
displayed in tab. 6.4. The data points for 𝑇 = 2 ms and 𝑇 = 4 ms
are not displayed in Ąg. 6.8 to enhance the readability of the
graph but their scatter is in between the remaining data sets. The
vibrational noise which increases with 𝑇 according to tab. 6.3

causes an ambiguity of the phase and additional data sets were taken for 𝑇 = 3 ⊗ 5 ms to average
over several data points prior to performing the fringe Ątting. This results in a non-decreasing
evaluation error. Once the vibrational noise has become the dominant contribution the error in
evaluation is not decreasing without further integration. For even larger pulse separation times
the phase noise exceeds 2Þ and the information on which fringe the data point was taken is lost.
In this regime, the fringe Ąt method can not be performed at all, without further information.
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6.2.3 Stability of the gravity measurement

To improve the resolution of the determined gravity value through integration the stability of the
experiment is exploited. The Mach-Zehnder interferometer is operated with a pulse separation
time of 𝑇 = 5 ms and Ąrst-order Bragg diffraction to perform consecutive measurements around
the central fringe. The chirp rates are determined from the central fringe measurement in Ąg. 6.8
but the variation of the chirp rate is only performed on an interval of 2Þ around the minimum.
Since each experimental cycle takes approx. 𝑇cyc = 15 s, it requires roughly 8 hours to obtain
𝑛 = 80 data sets of 21 data points for each fringe Ąt. The fringe Ąt method was necessary due to
a large vibrational noise, that requires averaging to read out a single value for 𝑔. Alternatively,
it would be possible to take the difference of two data points, taken at the mid-fringe position
left or right of the central minimum, which always have maximum sensitivity [286]. Due to
missing pictures and laser instability, two data sets have a deviation of more than Ąve standard
deviations 5àstd and are ignored in the evaluation. The time series is depicted in Ąg. 6.9(a)
together with its corresponding Allan deviation (b).
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Figure 6.9: Consecutive determinations of local gravity (a) and corresponding Allan deviation (b).
After obtaining the central fringe a pulse separation time 𝑇 = 5 ms is used for consecutive measure-
ments and data points in an interval of Þ around the central minimum were taken. The obtained 𝑔
values scatter around the reference value 𝑔ref ( ). The error bars in the time series are given by the
error of the fringe Ątting routine. Within roughly eight hours the uncertainty in the determination of
local gravity can be integrated down to ∆𝑔/𝑔 = 1.3 ≤ 10⊗5, close to a ≍ 1/

√
𝑡 ( ) behavior. The

error bars in the Allan deviation indicate a conĄdence interval of one standard deviation.



94 6 Atom-chip gravimeter

1/104 1/103
10⊗6

10⊗5

10⊗4

10⊗3

10⊗2

Noise frequency 𝑓 (Hz)

P
S

D
(

m s
2
/

√
H

z
)

Fig. 6.10: The power spectral density for the
data points obtained during the gravity determi-
nation show deviations from Gaussian noise due
to insufficient statistics or non-Gaussian contri-
butions and reveals a functional relation to the
noise frequency 𝑓 of the form 𝑆(𝑓) ≡ 𝑓⊗0.84.

The error bars for the data points obtained during
the gravity determination are computed from one
standard deviation àstd of the fringe Ąt routine.
Not all of these error bars are overlapping with the
reference value 𝑟ref . This indicates, that the error
bars are either underestimated or that there is a
non-Gaussian noise involved in the measurement.
The power spectral density 𝑆(𝑓) of the points is
depicted in Ąg. 6.10 and allows to estimate the noise
Ągure as a representation for the shape of the noise
depending on the noise frequency 𝑓 . Figure 6.10
reveals a functional relation to the noise frequency 𝑓
of the form 𝑆(𝑓) ≍ 𝑓⊗0.84 which is between the
expected relation for white noise (𝑆(𝑓) ≍ 𝑓⊗1) and
Ćicker noise (𝑆(𝑓) ≍ 𝑓0) [288]. This identiĄcation
is thus not fully reliable due to the small amount
of available data points.

The error bars of the Allan deviation which are
depicted in Ąg. 6.9 are computed for Chi-squared
statistics at a conĄdence interval of one standard deviation àstd and the assumption of approxi-
mately white noise. Nevertheless, for Ćicker noise the error bars would have only a non-visible
difference to the ones depicted. The integration during the Ąrst 103 s is slightly faster than ≍ 1/

√
𝑡

but hits the expected integrations behavior for the later data points. The Allan deviation shows
a Ąrst oscillation at 𝑡 = 5 ≤ 103 s with a rather small amplitude but an overall integration behavior
reasonable close to ≍ 1/

√
𝑡. This is a strong indicator, that the noise obtained in the data series

is in fact closer to white noise than estimated in Ąg. 6.10. Such a behavior is in agreement to the
conclusion, that the interferometer is limited as expected by statistical noise as vibrations. The
residual oscillations may occur due to temperature changes in the laboratory.

The smallest deviation in 6.9 is obtained for the last point àdev = 1.3 ≤ 10⊗4 m
s2 after 𝑡 = 14 500 s.

Using the mean value from all data points, the local gravity value is determined to

𝑔 ∘ ∆𝑔 = (9.81316 ∘ 0.00013)
m
s2

(6.10)

which is still in agreement with the reference value 𝑔ref . The uncertainty is roughly a factor of
Ąve smaller compared to single central fringe determination. A short term sensitivity of

∆𝑔/𝑔 = 6 ≤ 10⊗5 or (∆𝑔/𝑔)/
√

Hz = 1.5 ≤ 10⊗3 (6.11)

is extracted from the Ąrst point in the Allan deviation and is in reasonable agreement to
the noise determined by the seismic sensors at the drop capsule. The integration still shows
a ≍ 1/

√
á behavior at the cut-off of the Allan deviation without visible drift or Ćicker Ćoor.

Consequently, longer integration times á are in principle possible, because the uncertainty in
gravity is still magnitudes above the limit set by the integration behavior of the phase readout,
investigated in sec. 6.2.1, which would allow us to resolve tidal variations on the ∆𝑔/𝑔 = 10⊗7

level. On an hour timescale these variations would prevent further integration without taking
into account corrections from geodetic models. Nevertheless, taking data for more than eight
hours is challenging at the current status of the experiment.
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6.3 Results using the fountain geometry

In this section the results with the fountain geometry are presented for which the total time of
free-fall can be as large as ToF = 100 ms, hence, the pulse separation time inside the interferometer
can be stretched up to 𝑇 = 25 ms. The measurements are performed either with Bose-Einstein
condensates released from the shallow trap, or delta-kick collimated condensates together with
Stern-Gerlach-type deĆection. In that way, the inĆuence of state preparation and expansion
rates on the performance can be assessed to Ąnd the optimal conĄguration and to infer intrinsic
sensitivities for the fountain geometry (sec. 6.3.1). In particular, the quality and curvature of
the wave fronts are crucial since the atom-chip surface is used as a retro-reĆector for the beam
splitter. To access these spatial features and to discuss the inĆuence of phase gradients across the
output ports on the interferometric contrast a principal component analysis is used (sec. 6.3.2).

6.3.1 Fluctuation dependent performance evaluation

The performance evaluation of the Mach-Zehnder interferometer for the atom-chip fountain
gravimeter is no longer possible with the common fringe Ąt method or via an Allan deviation,
because the background vibration level for pulse separation times larger than 𝑇 > 5 ms leads
to a complete loss of visible fringe pattern [72]. This means even if the laser phase ∆ãLaser and
the chirp rate Ð are held constant between subsequent measurements the output phase scatters
over multiple 2Þ-intervals as illustrated in Ąg. 6.11(a). As a consequence, at these high levels of
sensitivity the readout of a gravity value is impossible without having further information about
the vibrations during the interferometry, i.e. without seismic correlation. Nevertheless, the beam
splitting still has high Ądelity and oscillations between the output ports can clearly be observed.
Using the simple peak to valley or standard deviation calculation though over- or underestimates
the contrast and does not yield a useful noise analysis for the output signals.

Evaluation of a histogram distribution

The alternative method to solve the problem of distinguishing between useful contrast 𝐶 and
technical noise à∆ã = à𝑃 /𝐶 is a histogram analysis revealing contrast of an interferometer
without relying on fringe visibility [289]. The output signals of a data set are split into equidistant
intervals in normalized population 𝑃 and the number of data points within each interval is
counted. The resulting histogram shows a characteristic double peak structure reĆecting the
sinusoidal dependence of the interference signal. This structure results from the simple noise
model, that the probability to Ąnd an output state with a normalized population at top or
bottom of a sinusoidal fringe pattern is larger than at the mid position for a completely random
signal. This method requires sufficient statistics over several hundred experimental cycles with
stable signal. The contrast 𝐶 = 𝐴/𝑃0 is extracted from a Ąt of the distribution according to
Ąg. 6.11(b), given by the amplitude 𝐴 of the signal divided by its mean 𝑃0. As input for the
Ątting routine a kernel density estimation (KDE) of the data points is used, rather than using
the histogram itself∗. In a KDE each data point is weighted with a Gaussian function of a Ąxed
width of àkde = 0.01. All Gaussian functions are then added and the signal normalized such
that in the end a continuous distribution properly reĆects the density of data points without
neglecting information. For the width àkde it is only of importance to choose a value smaller
than the expected technical noise. The histogram yield only insufficient information to be Ątted
for small number of bins 𝑛bin and would lead to a larger uncertainty in the extracted parameters.

∗ This evaluation yields a slightly better intrinsic sensitivity compared to the value published in ref. [156].
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Ąt
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Figure 6.11: Vibrational noise completely washes out a sinusoidal signal and only Ćuctuations are
left to be measured in the relative population between the two output ports (a). The histogram
distribution gives rise to a characteristic double peak structure from which the contrast 𝐶 = 𝐴/𝑃0

can be extracted, given by the amplitude 𝐴 of the sinusoidal signal divided by its mean 𝑃0 (b).

Results without delta-kick collimation and first-order Bragg diffraction

(a) (b)𝑇 = 15 ms
ToF = 74 ms

𝑇 = 20 ms
ToF = 94 ms

250 µm 250 µm

Fig. 6.12: Density plots of the output ports
for BECs and MZIs with 𝑇 = 15 ms (a) and
𝑇 = 20 ms (b). The population changes from
top over equally distributed to bottom.

The evaluation of the histogram distribution us-
ing Bose-Einstein condensates without delta-kick
collimation is performed for data sets of roughly
eight hundred measurements. The output signals
as depicted in Ąg. 6.13 are obtained for two different
pulse separation times 𝑇 = 15 ms and 𝑇 = 20 ms in
both cases with Ąrst-order Bragg diffraction, which
assures the largest achievable interferometric con-
trast 𝐶. From the corresponding Ąts to the density
distribution a contrast of 𝐶 = 0.78 for the Mach-
Zehnder interferometer with 𝑇 = 15 ms rand a
slightly lower contrast of 𝐶 = 0.76 for 𝑇 = 20 ms is
obtained in Ąg. 6.13. In this case, the contrast is at
the same level as observed for the experiments with
dropped atoms in sec. 6.2.1 and depends mainly
on the employed preparation. The contrast reduc-
tion does not result from insufficient diffraction
efficiency, since for Ąrst-order diffraction the effi-
ciencies are extremely close to unity. The observed
contrast reduction is still due to the effect, that
there are atoms remaining in magnetic sensitive
states as measured for 𝑇 ⊘ 5 ms in sec. 6.2.1.

Larger cloud sizes are observed, due to the disper-
sion effect during the launch in combination with
longer time of Ćights, that have been measured in
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sec. 5.3.3. To visualize this, there are three exemplary density plots of output port signals for the
fountain geometry depicted in Ąg. 6.12, each with 𝑇 = 15 ms (a) and 𝑇 = 20 ms (b) for maximal
imbalanced population as well as almost balanced number population. Most importantly to see
is, that the clouds for 𝑇 = 20 ms are larger in beam splitter direction due to longer times of Ćight
(94 ms compared to 74 ms) as measured in sec. 5.3.3. Nevertheless, the interferometer ports are
still separable after a sufficient separation of ásep > 20 ms. Since the Ąt integrates transversally
over the beam splitter direction, the larger size leads already to slightly decreased contrast in
the case of 𝑇 = 20 ms. Enlarging the pulse separation time beyond 20 ms is not possible, because
the ports would not separate any more. Already in this case, the increase in pulse separation
time from 𝑇 = 5 ms to 𝑇 = 20 ms gives rise to a 16-fold increase in the scaling factor.

To Ąnally get an estimate on the improvements of the intrinsic sensitivities by the larger pulse
separation times, the technical noise à∆ã is taken into account. The width of the peaks for
𝑇 = 15 ms gives rise to a noise of à∆ã = 49 mrad which is signiĄcantly larger compared to a
calculated shot noise of àqpn = 16 mrad for a smaller contrast 𝐶 = 0.76 and atom number 𝑁 =
7 500 and leads to an intrinsic sensitivity of ∆𝑔/𝑔 = 13.8 ≤ 10⊗7. The measured technical noise
is enlarged due to the lower density of the ensembles at the output ports of the interferometer
which leads to increased detection noise. In the case of 𝑇 = 20 ms the measured technical noise
of à∆ã = 37 mrad is slightly lower, because the atom number of 𝑁 = 8 000 is higher due to a
better optimized launch, and leads to an intrinsic sensitivity of ∆𝑔/𝑔 = 5.9 ≤ 10⊗7.
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Figure 6.13: Output signal of the fountain geometry using Bose-Einstein condensates for pulse
separation times of 𝑇 = 15 ms (a ( )) and 𝑇 = 20 ms (b ( )). The Mach-Zehnder interferometers
are performed with Ąrst-order Bragg diffraction over 800 measurements. A contrast of 𝐶 = 0.78
for the interferometer with 𝑇 = 15 ms respectively of 𝐶 = 0.76 for 𝑇 = 20 ms is obtained from the
histogram distribution. The estimated noise level is increased compared to dropped atoms.
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Results without delta-kick collimation and third-order Bragg diffraction

(a) (b)𝑇 = 15 ms
ToF = 74 ms

𝑇 = 24 ms
ToF = 94 ms

400 µm 400 µm

Fig. 6.14: Density plots of the output ports for
interferometers with third-order Bragg diffrac-
tion with 𝑇 = 15 ms (a) and 𝑇 = 24 ms (b).
The red lines ( ) indicate the individual crop
marks for the evaluation with an aperture.

To study the inĆuence of higher-order beam split-
ters, two Mach-Zehnder interferometers with third-
order Bragg diffraction are implemented in the foun-
tain geometry and their outputs evaluated using
the same statistical analysis. The Ąrst employs
𝑇 = 15 ms, which leaves enough time to separate
spurious ports, while a second one increases the
pulse separation to 𝑇 = 24 ms, with spurious ports
still overlapping, due to the sizes of the clouds. The
theoretically achievable contrast is given by the
beam splitter efficiencies in sec. 5.2 and expected
to be 5-10% smaller as for Ąrst-order. Already from
the raw-data in Ąg. 6.15(a,b) a drastic reduction
of contrast is visible and the analysis reveals a con-
trast of 𝐶 = 0.33 for 𝑇 = 15 ms and 𝐶 = 0.18 for
𝑇 = 24 ms. Compared to the fountain gravimeters
with Ąrst-order beam splitters, this loss of contrast
compensates the gain in scaling factor, thus the
sensitivity can not be increased. The observed con-
trast is not in agreement to the measured beam
splitter efficiencies taken from sec. 5.2, which can
only explain a decrease of roughly 5 ⊗ 10%. The
density plots in Ąg. 6.14 reveal, that the additional
loss of contrast has its origin in a phase gradient
over the atomic cloud, that results in different parts
of the ensemble oscillating with different phases,

thus washing out the contrast [88]. The origin of these gradients is identiĄed to arise from the
wave front defects of the light Ąeld driving Bragg diffraction due to the atom-chip surface shown
in sec. 3.3 and sec. 5.3.3. These phase gradients get ampliĄed by higher-order beam splitters as
reported in ref. [67] with respect to the experiments with Ąrst-order diffraction.

A straight forward approach to overcome loss of contrast due to the phase gradients and to
improve the technical noise of the measurement, is to manually constrain the initially used Ątting
routine to a smaller part of the output ports. By this, parts in the ports can be identiĄed, that
oscillate with the same phase and therefore give larger contrast. This procedure simulates an
aperture in the detection beam, as it would be applied for thermal atoms [88, 226]. Hereby, only
regions of the image are taken for the evaluation, that are aligned in vertical direction reĆecting
a horizontal phase gradient. Fig. 6.15(c) shows the histograms for 𝑇 = 15 ms and 𝑇 = 24 ms,
which were evaluated with the aperture chosen according to Ąg. 6.14, compared to the original
plots using no aperture for third- as well as Ąrst-order beam splitter. The contrast improves for
𝑇 = 15 ms to 𝐶 = 0.66 and for 𝑇 = 24 ms to 𝐶 = 0.42. This is in both cases an improvement
by a factor of almost three. The improved contrast is below the values for Ąrst-order Bragg
diffraction, because a residual phase gradient of the wave front remains in the evaluated region.

In the case of 𝑇 = 15 ms the extracted phase noise is exactly as large as for Ąrst-order beam
splitters and the calculated intrinsic sensitivity of ∆𝑔/𝑔 = 4.6 ≤ 10⊗7 is improved by the expected
factor of three. In the case of 𝑇 = 24 ms an additional contrast reduction in increased technical
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noise due to overlapping spurious ports is observed, because these can not be separated properly
at the increased pulse separation time. As a result, an intrinsic sensitivity of ∆𝑔/𝑔 = 2.9 ≤ 10⊗7 is
achieved, which still represents an improvement compared to the measurement with Ąrst-order
Bragg diffraction and 𝑇 = 24 ms. The increased technical or shot noise compromises the gain in
contrast by this method, because the detected atom number is reduced to 𝑁 = 5 000 atoms due
to the cut. In total, the sensitivity of the atom interferometer can still be enhanced, because
mainly regions with a phase shift of Þ are left out in the evaluation and the relative gain in
contrast is larger, than the loss in atom number.
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(c) 𝑇 = 15 ms
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Figure 6.15: Output signal of the fountain gravimeter with third-order Bragg beam splitters for
𝑇 = 15 ms (a ) and 𝑇 = 24 ms (b ). Using an aperture the contrast can be regained from
𝐶 = 0.33 ( ) to 𝐶 = 0.66 ( ) for 𝑇 = 15 ms (c) and from 𝐶 = 0.18 ( ) to 𝐶 = 0.42 ( ) in
the case of 𝑇 = 24 ms (d), in both cases still lower than for Ąrst-order beam splitters ( ).
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Results with delta-kick collimation and first-order Bragg diffraction

(a) (c)

(b)

𝑇 = 15 ms
ToF = 95.6 ms

𝑇 = 20 ms
ToF = 95.6 ms

𝑇 = 25 ms
ToF = 97.6 ms
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Fig. 6.16: Density plots of output ports in the
fountain geometry for different populations us-
ing delta-kick collimated ensembles and interfer-
ometers with pulse separation times 𝑇 = 15 ms
(a), 𝑇 = 20 ms (b) and 𝑇 = 25 ms (c).

A great advantage of the fountain geometry is, that
delta-kick collimated condensates with slower ex-
pansion can be used, which remain smaller after the
relaunch and during the free fall in the fountain. Al-
ready the exemplary density plots of output ports
with different population in Ąg. 6.16 are cleaner
than for the previous measurements. Additionally,
the Stern-Gerlach-type deĆection puriĄes the mag-
netic sub-states and the expected gain in contrast
is between 5% and 10%. With this conĄguration
the pulse separation time can even be extended to
𝑇 = 25 ms. At this time, the output ports are still
separated due to the smaller Ąnal size of clouds. The
measurements and evaluation depicted in Ąg. 6.17
are again performed for Mach-Zehnder interferom-
eters formed by Ąrst-order Bragg diffraction. To
achieve better statistics, around thousand measure-
ments are taken each for 𝑇 = 15, 20 and 25 ms.
The histogram analysis now reveals contrasts of
𝐶 = 0.91 for 15 ms, 𝐶 = 0.86 for 20 ms and still
𝐶 = 0.86 for 25 ms. This gain in contrast compared
to the use of condensates without delta-kick colli-
mation, but also compared to the experiments with
dropped atoms, is remarkable. It is possible due to
the interplay of the high-Ądelity Bragg diffraction
and the improved state preparation. The slight
drop in contrast with increasing 𝑇 can be explained
by the decreasing port separation giving rise to a
slight cross-talk between the output ports.

The technical noise level à∆ã is again extracted from the widths of the outer peaks in the Ąt
to the density distribution. Already in the raw data sets it is visible, that the noise level is
signiĄcantly lower compared to the previous interferometers using condensates without delta-kick
collimation and it is now again close to the calculated shot noise of àqpn = 11 mrad for 𝑁 = 8 000
atoms. The technical noise compares well to the drop mode and the sensitivity improves directly
with the larger pulse separation time to the square as well as with a larger contrast. The key
feature to reach this low noise level at free-fall times close to 100 ms is using delta-kick collimated
ensembles in the fountain geometry. These ultra-slow expansion rates would allow for even longer
Ćight times and also give rise to a boost in sensitivity. The largest intrinsic sensitivity achieved
in the measurements of ∆𝑔/𝑔 = 1.4 ≤ 10⊗7 was observed for 𝑇 = 25 ms after a ToF = 97.6 ms at a
noise of à∆ã = 14 mrad. This represents a more than 22-fold increase in sensitivity compared to
the mode using dropped Bose-Einstein condensates and is an important step towards compact
but precise sensors. An only slightly lower intrinsic sensitivity of ∆𝑔/𝑔 = 1.7 ≤ 10⊗7 is obtained for
𝑇 = 20 ms and a sensitivity of ∆𝑔/𝑔 = 3.4 ≤ 10⊗7 for 𝑇 = 15 ms. The limit in 𝑇 on the baseline of
7 mm is reached with 𝑇 = 25 ms and every further extension of the pulse separation time would
result in a reduced contrast due to insufficient port separation.
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Figure 6.17: Output signal of the fountain geometry using delta-kick collimated ensembles for pulse
separation times of 𝑇 = 15 ms (a ), 𝑇 = 20 ms (b ) and 𝑇 = 25 ms (c ). The Mach-Zehnder
interferometers are performed with Ąrst-order Bragg diffraction and roughly 1 000 measurements are
taken. Contrasts of 𝐶 = 0.90 for the interferometer with 𝑇 = 15 ms, of 𝐶 = 0.87 for 𝑇 = 20 ms and
𝐶 = 0.86 for 𝑇 = 25 ms are obtained. The technical noise à∆𝛷 is close to shot noise.

Results with delta-kick collimation and third-order Bragg diffraction

The loss of contrast for the measurements with third-order Bragg diffraction is even larger
compared to the outcome for condensates without delta-kick collimation. The output signals and
histogram analysis for the interferometer with third-order Bragg diffraction and 𝑇 = 24 ms are
depicted in Ąg. 6.18(a). The contrast even vanishes completely, since the distribution appears fully
Gaussian. It turns out, that in this case the much smaller output port size in vertical direction
is not of noticeable relevance for the contrast. The cloud sizes in horizontal direction, which are
susceptible to the defect, are of similar size. The more important contribution to the loss of
contrast is, that the cut for the aperture runs now in the center of the output ports. In the steeper
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trap prior to the kick the condensate has a smaller distance of the defect during the launch and
the interferometer (see sec. 5.1.1), therefore the disturbance is larger. Figure 6.18(b,c,d) show the
regions where contrast can be regained by an aperture, but due to a larger noise à∆ã = 63 mrad
the intrinsic sensitivity of ∆𝑔/𝑔 = 2.3 ≤ 10⊗7 is slightly worse with respect to the measurement
with Ąrst-order diffraction. Finally, the intrinsic sensitivities for all measurements with the
fountain geometry are summed up in tab. 6.5.
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Figure 6.18: Output signal of the fountain geometry with third-order Bragg diffraction and
𝑇 = 24 ms (a). Without a central cut ( ) the contrast vanishes completely (b). A regain of
𝐶 = 0.32 (c) for the left half of the cloud and 𝐶 = 0.35 (d) for the right one are observed.

Table 6.5: Summary of the obtained intrinsic sensitivities for the fountain geometry. (* Due to the
re-evaluation this intrinsic sensitivity is slightly better than the published value in ref. [156])

without delta-kick collimation, 𝑛 = 1

𝑇 𝐶 à∆ã ∆𝑔/𝑔

15 ms 0.75 49 mrad 13.8 ≤ 10⊗7

20 ms 0.72 37 mrad 5.9 ≤ 10⊗7

without delta-kick collimation, 𝑛 = 3

𝑇 𝐶 à∆ã ∆𝑔/𝑔

15 ms 0.66 49 mrad 4.6 ≤ 10⊗7

24 ms 0.42 79 mrad 2.9 ≤ 10⊗7

with delta-kick collimation, 𝑛 = 1

𝑇 𝐶 à∆ã ∆𝑔/𝑔

15 ms 0.89 12 mrad 3.4 ≤ 10⊗7

20 ms 0.84 11 mrad 1.7 ≤ 10⊗7

25 ms 0.82 14 mrad 1.4 ≤ 10⊗7*

with delta-kick collimation, 𝑛 = 3

𝑇 𝐶 à∆ã ∆𝑔/𝑔

24 ms 0.35 63 mrad 2.3 ≤ 10⊗7
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6.3.2 Principal component analysis of the outputs

For the drop mode the output ports of the Mach-Zehnder interferometer are in all measurements
perfectly ŞĆatŤ, e.g. there are no spatial features visible across the output ports and the atom
number estimation is reliable. In the fountain mode a phase gradient across the wave front due
to defects on the atom chip leads to a loss of contrast for third-order Bragg diffraction, if the
evaluation integrates over the whole cloud. To accommodate that this integration is not the best
way to analyze the output ports in the presence of a phase gradient, an image based evaluation is
employed. The principal component analysis (PCA) is employed to spatially analyze oscillating
modes in the outputs of the atom interferometer. Using a PCA-based evaluation the contrast for
the measurement with 𝑇 = 24 ms and third-order Bragg diffraction is regained from 𝐶 = 0.35 to
0.72 and thus increasing the intrinsic sensitivity to a new record of ∆𝑔/𝑔 = 1.1 ≤ 10⊗7.

An idealized atom interferometer in principal component analysis

Principal component analysis (PCA) is a text book example of an application of linear algebra [290]
and has been employed in cold atom experiments before [291, 292]. PCA performs statistics on a
series of images, where each image is treated as a vector I of pixel values. If a series of images
contains a number of 𝑁 images I𝑖 the mean value of peach pixel M is computed by

M =
1
𝑁

𝑁
∑︁

𝑛=0

I𝑛. (6.12)

In general each image I𝑖 of the series is represented in a matrix 𝐵 = [I1 ⊗ M I2 ⊗ M . . . IN ⊗ M],
which contains each pixel of each image and thus can be used to reconstruct each image in the
basis of the pixels represented by orthogonal vectors with only a single entry
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The matrix 𝐵 is as representation of the series of images not useful, because in fact it contains the
same information as the original pixel values and the basis contains no information about modes or
structures in the images. The PCA algorithm searches for a different basis 𝑃 = [u1 u2 . . . u𝑁 ] of
orthogonal vectors u𝑛 with minimal variance to the series of images and sorted by the signiĄcance,
e.g. the standard deviation of the corresponding coefficient 𝑃𝐶𝑛 is larger than the one of 𝑃𝐶𝑛+1

I𝑖 = 𝑃𝐶0,𝑖 ≤ M +
𝑁
∑︁

𝑛=0

𝑃𝐶𝑛,𝑖u𝑛 ≡ 𝑃𝐶0,𝑖 ≤ M +
𝑚
∑︁

𝑛=0

𝑃𝐶𝑛,𝑖u𝑛. (6.14)

The basis 𝑃 can be reduced from the total number of images 𝑁 to a smaller quantity 𝑚 ⪯ 𝑁 ,
because the variance of the Ąrst 𝑃𝐶-components is the smallest and still leads to an appropriate
reconstruction of each image I. The 𝑃𝐶0-coefficient corrects for total density Ćuctuations.

The PCA algorithm itself is a completely model and assumption free treatment of the series of
images, but the computed basis vector - or 𝑃𝐶-components - can represent physical quantities
observed in an atom interferometer. Figure 6.19 illustrates a highly idealized representation of
the two output ports ♣𝑝0⟩ and ♣𝑝𝑛⟩ of an atom interferometer in the representation of the PCA.
The coordinate system in the Ągure is chosen according to the atom-chip gravimeter.
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♣𝑝0⟩

♣𝑝𝑛⟩

𝑧

𝑦

Mean 𝑀

𝑃𝐶0≤

Phase ∆ã

+𝑃𝐶1≤

Ó𝑦

+𝑃𝐶2≤

Ó𝑧

+𝑃𝐶3≤

ãgrad,y

+𝑃𝐶4≤ +𝑃𝐶5≤

ãgrad,z

Figure 6.19: Idealized basis vectors in principle component analysis. The mean results in equally
distributed atom number. Regions with different colors ( and ) indicate areas, where the atomic
density oscillates against each other between subsequent pictures, e.g. experimental cycles.

The 𝑃𝐶-components act on the density level of an image, regions with red color have larger
density, while regions with blue color have a smaller density than the mean M. Darker colors
indicate in general a stronger effect on the density, but the total strength of the effect depends
on the coefficients. The distribution of red and blue regions across the 𝑃𝐶-component gives rise
to different features. The physical meanings of observable features in the 𝑃𝐶-components are:

• The mean M corresponds to the atom number 𝑁/2 for equally distributed ports. For
this mean a coefficient 𝑃𝐶0 can be computed to correct for atom number Ćuctuations.

• The oscillating population of the two interferometer output ports with the relative
phase ∆ã is the measured signal as it is normally extracted from the Ąt routine.

• Every movement of the output ports Ó𝑦 or Ó𝑧 due to motion or position jitter of the
condensate is represented by a component where at the same part of both ports the density
decreases while at the opposite part the density increases independently of ∆ã.

• An anti-symmetric decrease and increase in density is caused by phase gradients ãgrad,y

or ãgrad,z across the ports. An oscillation with the interferometerŠs phase ∆ã rather than
causing a change in population, only redistributes the atoms inside the ports.

• The last inĆuence is background noise which is not represented in the illustration. The
PCA also suppresses noise as in refs. [70, 100], because the basis vectors average smaller
features which statistically Ćuctuate and only appear in less signiĄcant components.

In a simple picture, the atom interferometer in 𝑃𝐶-components starts from the mean M with
equally distributed output ports which contain each 𝑁/2 of the total atoms. The coefficient of
the Ąrst 𝑃𝐶-component u1 acts as the relative phase 𝑃𝐶1 ≍ ∆ã by lowering the density of atoms
in one port, respectively the atom number in this port, and increasing the other. In principle,
all other 𝑃𝐶-components are distortions to the atom interferometer, but only occurring phase
gradients ãgrad distort the oscillation and lead to a loss of contrast by the density modulation.
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Computation of the basis vectors and coefficients for the fountain geometry

For the implementation of principal component analysis in the experiment no additional data
sets need to be taken, but rather the original images already used for the results in sec. 6.3.1 are
reevaluated with the PCA formalism without making any additional assumptions. Hereby, the
formalism is not applied to all previous data sets but only to those with the largest and smallest
scaling factors. The four measurements examined are the ones without delta-kick collimation for
𝑇 = 15 ms and with delta-kick collimation for 𝑇 = 24/25 ms, each with Ąrst- and third-order
Bragg diffraction. Before the images are inserted into the algorithm a Gaussian Ąlter with a
width of two pixels is applied to diminish electronic noise of the camera.

Figure 6.20 shows the mean and the seven 𝑃𝐶-components for each of these measurements
encoded in the same colors as the idealized basis vectors in Ąg. 6.19. The background level in the
mean is adjusted in such a way, that regions, where no atoms are expected, appear homogeneously
in gray and no blue regions appear which represent a negative density. All other components
are adjusted to this background level giving rise to the same red-blue areas as in the idealized
representation. Areas in the components with the darkest respective color exhibit the highest
atomic density. This adjustment only visually highlights the observable features and does not
affect operations on the images which are done on the density level.

(a) 𝑇 = 15 ms, 𝑛 = 1 (b) 𝑇 = 15 ms, 𝑛 = 3 (c) 𝑇 = 25 ms, 𝑛 = 1 (d) 𝑇 = 24 ms, 𝑛 = 3

(a)

(b)

(c)

(d)

Mean 𝑃𝐶1 𝑃𝐶2 𝑃𝐶3 𝑃𝐶4 𝑃𝐶5 𝑃𝐶6 𝑃𝐶7

Figure 6.20: The Ąrst eight basis components found in the principal component analysis ordered by
signiĄcance for Mach-Zehnder interferometers in the fountain geometry with 𝑇 = 15 ms (a,b) and
𝑇 = 24/25 ms (c,d), each with Ąrst- and third-order Bragg diffraction. The Ąrst two components
represent the mean density, proportional to the total atom number 𝑁 and the dominant oscillating
component with relative phase ∆ã. The six other displayed components represent higher-order
moments, which are either center-of-mass motion or phase gradient related.
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In the 𝑃𝐶-components in Ąg. 6.19 the distortions introduced in the schematic can be recovered
for each of the measurements, but of different signiĄcance. For the measurements with Ąrst-order
Bragg diffraction (a,c), the 𝑃𝐶1-component directly gives rise to the oscillation in population
due to the statistical output phase ∆ã of the interferometer. The higher 𝑃𝐶-components are in
these cases suppressed by at least an order of magnitude compared to 𝑃𝐶1. Nevertheless, also
in this case 𝑃𝐶-components are found by the algorithm reĆecting phase gradients and motion
jitter, but these are too small to have an inĆuence on the interferometric contrast.

The occurrence of the phase gradients across the output ports is clearly visible for the
measurements with third-order Bragg diffraction (b,d). The 𝑃𝐶1-component in theses case
has regions in both output ports which are of different color and modulate the density with
changing ∆ã. From the appearance of these 𝑃𝐶1-components is also apparent, why the regain
of contrast using an aperture has a large beneĄt for 𝑇 = 15 ms, since in that case the regions
which cause density modulation are comparably small and at the edge of the atomic cloud. The
𝑃𝐶1-component matches well with the chosen aperture in Ąg. 6.14 and the respective regain in
contrast by this method is already maximized. For 𝑇 = 24 ms the regain is smaller because the
component in Ąg. 6.19(d) cuts the cloud in two almost equally large halves and large distortion
in the center due to the defects on the chip are clearly visible in different 𝑃𝐶-components.

(a)

(b)

(c)

(d)

original reconstruction difference

Fig. 6.21: Reconstruction of the original im-
ages of the fountain gravimeter by the mean
and the most signiĄcant principal component
for Mach-Zehnder interferometers with 𝑇 =
15 ms (a,b) and 𝑇 = 24/25 ms (c,d) with Ąrst-
and third-order Bragg diffraction. The differ-
ence shows the subtracted background noise.

Figure 6.21 shows for each of the measurement a
reconstruction of an exemplary density plot from
the mean M and the most signiĄcant component u1

compared to the original picture. This visualizes
the reconstruction on the density level, because
each image I is a composition of individual coeffi-
cients 𝑃𝐶0 and 𝑃𝐶1 for the mean M and the most
signiĄcant basis vector u1. The difference between
reconstructed and original image reveals an almost
homogeneous background level with some structure
which is background noise. The background looks
Ąner structured in the case of the delta-kick colli-
mated condensates, because of the even lower resid-
ual Ćuctuations in the density. The background in
each reconstructed image is noticeably enhanced by
the reconstruction, while the shape of the output
ports is mostly preserved. The difference between
both images also gives rise to the error which is
made if only a single component is used for the
evaluation. A suppression at the peak density with
respect to the residual background density of almost
an order of magnitude is observed for delta-kick col-
limated condensates and, respectively, a factor of
Ąve without delta-kick collimation. The level of this
suppression could even be enhanced as in refs. [70,
100] by centering the output ports in the image
with a Gaussian Ąt prior to the PCA. This would
reĆect, compared to the conventional image evalu-
ation, that the centers of the Gaussian peaks are
also not Ąxed but rather a free parameter.
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Performance evaluation using a PCA-based evaluation

A different performance evaluation is possible using the PCA formalism, which properly reĆects
the observed phase gradients and gives a realistic estimate on the intrinsic sensitivity. The basis
vectors u only communicates a visualization of spatial features and does not give rise to the
contrast of the measurement. To extract a measured value the individual coefficient 𝑃𝐶1 of each
image I is used. Hereby, the evaluation is restricted to the use of only the coefficient 𝑃𝐶1 of the
most signiĄcant basis vector u1 and all other coefficients are neglected. A complete depiction
of the coefficients for up to seven 𝑃𝐶-components and the cross-correlations between these
coefficients can be found in ref. [293]. The 𝑃𝐶1-coefficients are not normalized and also take
negative values to change the sign between increasing and decreasing density. To obtain an
expression similar to the common normalized population 𝑃 a normalization is chosen as

𝑃PCA ⊕ 1
2

+
𝑃𝐶1 + ¯𝑃𝐶1

𝑃𝐶0
with ¯𝑃𝐶1 =

1
𝑁

𝑁
∑︁

𝑛=0

𝑃𝐶1,𝑛. (6.15)

This population 𝑃PCA is normalized by the coefficient 𝑃𝐶0 of the mean to correct for atom
number Ćuctuations and offset free, leading to a contrast of two times the amplitude 𝐶 = 2𝐴.
Due to this normalization the same Ąt routine as for the Ćuctuation dependent performance
evaluation can be applied and the results directly be compared.

Figure 6.22 shows the obtained normalized populations 𝑃PCA and the corresponding Ąts to
the distributions for the data sets. The extracted intrinsic sensitivities from the Ąts to the
distributions of the data sets are summarized in tab. 6.6 together with the previously obtained
result. The main observation is, that the contrast for all measurements is of a similar value
between 𝐶 = 0.72 and 0.76, which is for the measurement with 𝑇 = 25 ms even slightly smaller
than before, but does not lead to a reduced intrinsic sensitivity. The Ąt to the distribution for
𝑇 = 25 ms and Ąrst-order Bragg diffraction yields exactly the same technical noise à∆ã and
intrinsic sensitivity of ∆𝑔/𝑔 = 1.4 ≤ 10⊗7 as in the previous evaluation. Since in the previous
evaluation, the noise was already close to the shot noise, this is a strong indicator, that the
normalization in eq. 6.15 does not inĆuence the performance evaluation.

Table 6.6: Summary of obtained parameters for the coefficients and estimated intrinsic sensitivities.

Data set Fit-based evaluation PCA-based evaluation

𝑇 𝑛 𝐶 à∆ã ∆𝑔/𝑔 2𝐴 à∆ã ∆𝑔/𝑔

15 ms 1 0.75 49 mrad 13.8 ≤ 10⊗7 0.76 33 mrad 9.3 ≤ 10⊗7

15 ms 3 0.666 49 mrad 5.9 ≤ 10⊗7 0.74 41 mrad 3.8 ≤ 10⊗7

25 ms 1 0.82 14 mrad 1.4 ≤ 10⊗7 0.74 14 mrad 1.4 ≤ 10⊗7

24 ms 3 0.35 63 mrad 2.3 ≤ 10⊗7 0.72 20 mrad 1.1 ≤ 10⊗7

In the case of all other measurements the intrinsic sensitivities can be enhanced because the
distributions provide enlarged contrasts and, respectively, reduced technical noise. In both cases
with 𝑇 = 15 ms a gain of 1.5 in intrinsic sensitivity is observed due to the noise reduction. The
largest gain in contrast from 𝐶 = 0.35 to 0.72 for 𝑇 = 24 ms and third-order Bragg diffraction
even leads to a new record in intrinsic sensitivity of ∆𝑔/𝑔 = 1.1 ≤ 10⊗7. In the future, PCA is a
promising way to not only investigate the contrast, but also the inĆuence of wave front distortions
on the accuracy of the interferometric phase, because these are one of the dominant systematic
uncertainty in the current generation of atom interferometers [88, 294, 295].
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Figure 6.22: Output signals and histogram analysis using the normalized population 𝑃PCA extracted
from the 𝑃𝐶1-coefficient to obtain enhanced intrinsic sensitivities. The evaluated data sets are for a
pulse separation of 𝑇 = 15 ms with Ąrst- (a ) and third-order Bragg diffraction (b ) as well as
for 𝑇 = 24/25 ms also with Ąrst- (c ) and third-order Bragg diffraction (d ).
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6.4 Systematic uncertainties and future perspective

A main drive behind the use of Bose-Einstein condensates for quantum sensors lies in the gain
in accuracy, due to their unique properties which turn out to be the most beneĄcial for the
suppression of inertial phase shift terms and wave front distortions. To estimate the performance
of an atom interferometer one needs to distinguish between statistical noise and systematic
uncertainty [296]. The Ąrst determines how stable a measured signal is, while the later determines
the bias to the expected - or true - value. The prototype gravimeter realized in QUANTUS-1
is fully limited by statistical noise even after eight hours of integration. Thus a meaningful
discussion of a systematic uncertainty budget for the current apparatus is not possible at the
moment. Nevertheless, an estimation of already known systematic uncertainties allows to identify,
which systematic uncertainties are the most critical and to set bounds on experimental parameters
necessary for future experiments to venture into the µGal regime.

6.4.1 Estimation of systematic uncertainties

MZI parameter Value

Atom number 𝑁 104

Effective Temp. 𝑇eff 4 nK

Expansion rate à𝑣 600µm/s

Pulse separation 𝑇 5 ms

Cycle time 𝑇cyc 15 s

Wave vector 𝑘eff
4Þ

780 nm

Pulse width àá 12.5µs

Rabi frequency 𝛺eff 2Þ ≤ 4 kHz

Initial radius à𝑟 13µm

Beam diameter × 7 mm

Sensitivity ∆𝑔/𝑔 3.2 ≤ 10⊗6

Table 6.7: Summary of experimen-
tal parameters for the gravimeter op-
erated with dropped BECs.

The following calculations of systematic uncertainties make
use of previous work for the proposals for the STE-QUEST
M3 mission proposal [280, 281] and VLBAI [282] as well
as for the experiments ATLAS [262] and CASI [83Ű85] at
the IQ. Primarily, these calculations use the parameters
of the gravity estimation performed in sec. 6.2.3 which are
summarized in tab. 6.7, because for this measurement a
full set of experimental parameters is available. But, this
discussion also grants valuable insight into error sources in
the fountain geometry, even though at the current state of
the experiment no phase can be read out, and it shows which
of the assumed parameters need to be improved in the future.

Magnetic stray fields and magnetic shield

The non-magnetic state 𝑚F = 0 causes a vanishing linear
Zeeman effect. Nevertheless, the atom interferometer is not
immune to the quadratic or second order Zeeman effect,
due to the hyperĄne splitting of the ground states of 87Rb
and residual magnetic stray Ąelds are a cause of systematic
uncertainties. To reduce the magnetic background environment a magnetic shield is surrounding
the vacuum chamber, which has a shielding factor of roughly one order of magnitude. In the
case of Bragg diffraction there is no Şclock-shiftŤ [297] in the traditional sense, since both
interferometer paths travel in the same internal ground state of 87Rb. In a simple picture the
second order Zeeman effect causes an acceleration by an magnetic Ąeld gradient

∆𝑏2nd =
ℎ

𝑚87
𝐾87𝐵0Ó𝐵, (6.16)

with the Zeeman shift 𝐾87 = ∆æclock/(2Þ𝐵2) in the energies of the hyperĄne levels of 87Rb,
the magnetic Ąeld gradient Ó𝐵 and the quantization Ąeld 𝐵0. A non-vanishing magnetic Ąeld
gradient Ó𝐵 results in a phase offset ãbf between the different interferometer paths depending on
their height difference due to the recoil of the beam splitter, which cannot be distinguished from
the gravitational acceleration 𝑔. For the parameters of the current Mach-Zehnder interferometer
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in tab. 6.7 with dropped atoms this phase shift calculates to

ãbf = 𝑘eff∆𝑏2nd𝑇 2 = 4Þ𝑣rec𝐾87𝐵0Ó𝐵𝑇 2 = 1.06 mrad. (6.17)

The resulting uncertainty of ∆𝑔/𝑔 = 2.7 ≤ 10⊗7 is compared to other shifts the largest systematic
uncertainty in the current device due to the limited shielding factor of the magnetic shield.
Shielding factors of 105 with a three layer shield should be achievable [298], which would be
sufficient for future experiments to reach the µGal regime, independent from Bragg or Raman
diffraction. Alternatively, the Mach-Zehnder interferometer can be driven in alternating hyperĄne
states 𝐹 = 1 and 𝐹 = 2 to subtract a static or slowly changing magnetic Ąeld gradient [280] or
the gradient can be measured directly with the atom interferometer [124].

Wavefront curvature and aberrations

𝑔

Atom chip

𝑅in

𝑑

𝑅re

𝑑

Fig. 6.23: Wavefront curvature of
incoming and reĆected beam [262].

The beam splitting light Ąeld cannot be treated as an ideal
plane wave. Two different scales of distortions are of im-
portance. The curvature of the whole Gaussian wave front
due to its Ąnite radius and possible misalignments, and the
roughness of the phase front due to small aberrations. The
bias phase shift due to these wave front distortions is a major
contribution to the systematic uncertainties in most inertial
sensors working with molasses cooled atoms [88, 294, 295].
The contribution due to the surface roughness and the defects
of the atom chip is not easily calculated, since the exact sur-
face is not known and not accessible in the vacuum chamber
for a characterization [294, 295]. Such a characterization is

not done in this thesis. A better surface quality using another technique producing atom chips
seems a necessary step to reach optical qualities comparable to mirrors. As an approximate value
surface qualities of Ú/10 is aimed for in future experiments to not suffer from aberrations.

Using condensates is of major advantage for the suppression of wave front related uncertainties,
because their sizes are much smaller, compared to molasses cooled atomic clouds. Especially the
inĆuence of the wave front curvature [88], which couples in due to the expansion of the clouds,
can be greatly reduced by the use of delta-kick collimated condensates. How the phase shift due
to this effect arises is schematically depicted in Ąg. 6.23 and it can be calculated to

ãwf,c = 𝑘eff

[︂

(à𝑟 + à𝑣𝑡0)2

(︂

1
𝑅in,c

⊗ 1
𝑅re,c

)︂

⊗
(︂

(à𝑟 + à𝑣 (𝑡0 + 𝑇 ))2

(︂

1
𝑅in,t

⊗ 1
𝑅re,c

)︂

+ (à𝑟 + à𝑣 (𝑡0 + 𝑇 ))2

(︂

1
𝑅in,m

⊗ 1
𝑅re,m

)︂)︂

+ (à𝑟 + à𝑣 (𝑡0 + 2𝑇 ))2

(︂

1
𝑅in,c

⊗ 1
𝑅re,c

)︂]︂

.

(6.18)

In this equation the initial radius à𝑟 and the expansion rate à𝑣 of the cloud enters as well as
the beam curvature 𝑅 at each pulse and the pulse separation time 𝑇 . Already the current
beam diameter of 7 mm allows to suppress the bias arising from the wave front curvature below
1 µGal. Additionally, with the point-source nature [98, 100] of Bose-Einstein condensates it is
possible to characterize systematic errors arising from wave-front distortions. Especially the
principal component analysis used in sec. 6.3.2 can be a valuable tool to analyze curvature
and aberrations. A Ąrst approach to theoretically express wave front distortions with PCA is
performed in ref. [293], but no systematic analysis has been performed so far.
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Engineering the mean field shift with delta-kick collimation

Atom-atom interactions in the case of Bose-Einstein condensates are not negligible as for thermal
ensembles due to their much higher atomic density. These interactions lead to the so called mean
Ąeld energy, that converts to kinetic energy after a certain time of expansion. This is the reason
for the typical aspect ratio change observed in the expansion of Bose-Einstein condensates. These
interactions cause a bias on the interferometerŠs phase shift depending on imperfections of the
Ąrst beam splitting pulse àBS in a Mach-Zehnder interferometer [97, 128, 129]. The mean Ąeld
energy is proportional to the chemical potential Û, that changes over time 𝑡 with the expansion

Û(𝑡) = 𝑛(𝑡) ≤ 𝑈 =
𝑁

𝑉 (𝑡)
≤ ℎ𝑎sc

Þ𝑚
, (6.19)

with an atomic density 𝑛(𝑡), depending on the atom number 𝑁 distributed over the volume of
the ensemble 𝑉 (𝑡) = 4Þ(à𝑟 + à𝑣𝑡)3/3 after a given expansion time 𝑡, and a constant interaction
parameter 𝑈 , depending on PlanckŠs constant ℎ, the intra species scattering length 𝑎87 and
the atomic mass 𝑚87. If now the atomic density 𝑛(𝑡) is different between the two paths in
the interferometer a bias phase shift ãmf is observed. With a simple model [97] this phase is
calculated by integrating the expansion dependent frequency difference æmf between the two
paths over the complete time 2𝑇 spent in the interferometer

ãmf =
ˆ 2𝑇

0
d𝑡 æmf(𝑡) = 1.09 mrad with æmf(𝑡) = 2Þ

Ü(𝑡)
ℎàBS

> 2Þ

√
𝑁𝑈

ℎ𝑉 (𝑡)
. (6.20)

The noise of the beam splitter is hereby limited due to the shot noise àBS > 1/
√

𝑁 = 0.01 for
104 atoms. The measured noise of a beam splitter in the experiment is at that level. So, if the
noise can be kept at shot noise for increasing atom number the uncertainty due to this shifts
scales with

√
𝑁 . With the initial parameters and the expansion rate from tab. 6.7, divided

by the scaling factor of the interferometer 𝑘eff𝑇 2, an uncertainty contribution to the gravity
measurement of ∆𝑔/𝑔 = 2.8 ≤ 10⊗7 is obtained. Ideally, if the waiting time áprep before starting
the interferometer can be enlarged [124], the density can be lowered to the required extend
suppressing this contribution, independently of the given scaling factor, which suppresses this
shift as well. However, lowering the density by long expansion times leads to larger devices that
conĆicts the idea behind the atom-chip gravimeter, especially if extremely small temperatures,
respectively slow expansion rates, are employed. The largest acceptable waiting time before
interferometry is the duration áprep of the preparation itself, which in the case of the experiment
is only áprep = 10.5 ms. For example, in order to decrease the bias below 1µGal at 4 nK
and 𝑇 = 50 ms more than 100 ms of expansion would be needed at the current atom number.

Alternatively, the initial size of the cloud à𝑟 can be expanded at a larger rate followed by a
delta-kick collimation pulse [98, 133] to afterwards lower the expansion rate. In that way, the
density is lowered without a long expansion time and the Ąnal expansion rate can even be smaller
than for the pure condensate. With this technique cloud size and expansion can be engineered
and optimized in a wider parameter range to save expansion time. In the current delta-kick
collimation procedure an effective temperature of 𝑇eff = 200 nK allows to expand a Bose-Einstein
condensate to 100µm in less than 20 ms. The distance to the chip after this time of free fall is
2 mm which is still close enough to perform the lensing pulse with the bigger structures of the
atom chip used in the QUANTUS-2 experiment [299]. This procedure is compatible with the
fountain mode and allows to relax the mean Ąeld shift even for 105 atoms below 1µGal.
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Determination of initial motion by dipole oscillations
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Fig. 6.24: Dipole oscillation in the shallow
trap with 𝐼bias = 0.36 A for an offset current of
𝐼K2 = ⊗1 A depending on the holding time 𝑡trap

in the magnetic trap. Bragg spectroscopy in
beam splitter direction determines the detuning
to the atomic resonance as direct measure for
the offset velocity (a). In both directions time
of Ćight measurements are performed for ToF =
0 ms ( ) and ToF = 29 ms ( ) (b,c).

The condensate shows a residual horizontal and
longitudinal motion due to the dipole oscillations in
the Ąnal trap after decompression [164, 165]. The
center of mass of the atomic ensemble oscillates
around the potential minimum 𝑥0,𝑖 in position

𝑥𝑖(átrap) = 𝑥0,𝑖+𝐴𝑖sin(æ𝑖átrap+ã𝑖)+
1
2

𝑔‖𝑇 2, (6.21)

and in velocity

𝑣𝑖(átrap) = 𝑣0,𝑖 + 𝐴𝑣𝑖sin(æ𝑣𝑖átrap + ã𝑣𝑖). (6.22)

These oscillations can be characterized depending
on the holding time átrap in the Ąnal trap by ei-
ther time of Ćight measurement or Bragg spec-
troscopy [232]. Hereby, Bragg spectroscopy has
the advantage, that the atomic velocity can be di-
rectly measured and is not inferred between two
different points in time. A complete mapping of the
oscillation frequency and amplitudes for the shal-
lowest trap with 𝐼bias = 0.36 A depending on the
initial shift𝐼K2 is found in Ąg. 5.4 and in ref. [171].
In Ąg. 6.24 an exemplary dipole oscillation for the
release trap with 𝐼bias = 0.36 A and an offset shift
of 𝐼K2 = ⊗1 A is shown. Hereby, Ąg. 6.24(a) shows
the results for Bragg spectroscopy in beam split-
ter direction only, while Ąg. 6.24(b) shows time of
Ćight measurements in 𝑦-direction and Ąg. 6.24(c)
in beam splitter direction, each for ToF = 0 ms and
for ToF = 29 ms. The third direction along the
detection axis is not detectable at the moment.

The amplitude of the oscillation in horizontal 𝑦-
direction is in the order of 5 kHz extracted from the
Bragg spectroscopy or 50/70µm in 29 ms time of
Ćight which is deĄnitely non-negligible for the sys-
tematic analysis. All interferometric measurements
with the atom-chip gravimeter have been performed
with an adjusted holding time átrap, such that both
residual velocities are closest to their measured zero.
The residual velocity in both directions which are
measurable 𝑣0,yz are thus estimated to be smaller
than 0.5 mm/s. The residual horizontal motion in
the non-detectable axis 𝑣0,x also is expected to be
smaller than 0.5 mm/s, because the trap frequency
in this direction is much shallower than in the other
two directions (see tab. 2.2).
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Inertial phase shift terms and stability of the launch velocity

The residual initial velocities and jitters in the release positions are the second dominant
systematic uncertainty where the use of a Bose-Einstein condensate promises to overcome the
limitations of current sensors due to the ability to precisely measure the initial motion.

𝑔

𝑘eff

Ó𝑧

𝑣0,z

𝛺E

𝑔
𝑘eff 𝑣0,xy

𝛺eff

(a) (b)

Fig. 6.25: The Coriolis force (a) and gravity
gradients (b) cause a bias shift in the gravity
measurement due to the uncertainty in initial
velocity and position jitter of the atoms.

A Tailor expansion (see sec. 4.3.1) can be per-
formed to obtain the analytical formulas for the
higher-order phase shifts. The physical meaning
of the next relevant contributions are given by the
Coriolis effect, due to the rotation of the Earth and
the gravity gradient along the trajectory of free-
fall [138]. The phase shift contribution from the
Coriolis effect due to the rotation of the Earth 𝛺E

is calculated depending on the horizontal release
velocity 𝑣0,xy < 500µm/s using the Sagnac formula

ã𝛺E
= 2

⇀

𝛺E ≤ (𝑣0,xy ×
⇀

𝑘eff)𝑇 2. (6.23)

The corresponding uncertainty for the current pa-
rameters is ∆𝑔/𝑔 = 1 ≤ 10⊗8 which already is a huge
effect that needs to be mitigated. Gravity gradients couple in either via a jitter in initial
position Ó𝑧 < 5µm or via a residual velocity 𝑣0,z < 500µm/s in the direction of gravity

ãgrad,z = 𝑘eff𝑇zzÓ𝑧𝑇 2 and ãgrad,v = 𝑘eff𝑇zz𝑣0,z𝑇
3. (6.24)

The arising uncertainties are due to the measured position jitter ∆𝑔/𝑔 = 1.5 ≤ 10⊗9 and due
to the residual velocity ∆𝑔/𝑔 = 1.6 ≤ 10⊗10, so already comparably small with respect to the
Coriolis effect. So far higher-order terms depending on the photon recoil [264] appear not be of
relevant contribution. In all considered cases these contributions lie below ∆𝑔/𝑔 < 1 ≤ 10⊗11. A
special circumstance in the fountain geometry is, that the launch velocity 𝑣0,z changes with the
direction of the momentum kick ∘𝑘eff in the atom interferometer to not hit the chip. In a Şk-ĆipŤ
measurement a slight dependence on the initial velocity difference 𝑣Ó = 2𝑛 ≤ ℎ̄𝑘/𝑚 remains.

These values represent thus no ultimate limit, because the initial motion of a condensate can
be measured and the phase shift corrected to a much better degree than the assumed 500µm/s.
This correction is the preferred option to the integration of an active Coriolis compensation by
counter-rotating the reference plane with a tip-tilt stage and thereby compensating the Earth
rotation [300, 301], because such a system is complicated to implement with the atom chip.
To estimate the potential for a suppression or correction of the Coriolis effect, the stability of
horizontal launch velocity 𝑣0,y in the fountain geometry is analyzed. Because of its coherent nature,
the launch does not inĆuence the initial position jitter which therefore remains at Ó𝑧 < 5µm.
The stability of the launching velocity is measured from the jitter of the Ąnal position of the
output ports via time-of-Ćight measurements. From the measurement with 𝑇 = 25 ms a jitter of
70µm/s and a stability of 15µm/s are extracted and displayed in Ąg. 6.26. These values are
already sufficient to suppress the Coriolis effect below 1µGal even without further measures.
To even advance this characterization, it is also possible to directly extract the position jitter
as well as the motion of the condensate from each image and correct the phase shift terms per
measurement. In that way only the resolution of the imaging system limits the correction.
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Figure 6.26: Stability of the horizontal launch velocity 𝑣0,y in the fountain extracted from the
position of the output ports in the measurement with 𝑇 = 25 ms. The jitter of the launch velocity
integrates down from 70µm/s to 15µm/s after roughly 103 s with a long term drift rate of 10 (nm/s)/s.

Self gravity effect due to the chip mount

Due to the relatively small distance between Bose-Einstein condensates and atom chip while
performing interferometry the gravitational attraction of the atom chip itself becomes a relevant
effect [302] as also observed in falling corner cube gravimeters [303]. Unlike free-space trapping
and cooling in magnetic or dipole traps, the atom chip only has a distance of between 1 and
2 mm, when applying the Ąrst interferometry pulse in drop mode or even below 1 mm at the
apex of the fountain. As depicted in Ąg. 6.27, not the chip substrate itself has the biggest mass
contribution, but rather the copper mount where it is mounted on. To calculate the inĆuence of
self-gravity an estimation based on the CAD drawings depicted in Ąg. 6.27 is performed. The
expected bias shift for the current mass distribution is at a level of ∆𝑔/𝑔 = 1 ≤ 10⊗8 for the
dropped Mach-Zehnder sequence but gets suppressed with larger 𝑇 . The next generation chip
mount has a factor of two less mass close to the atoms, which is beneĄcial to suppress this shift.
Modeling the mass distribution to the 10% level [302] taking into account vacuum system, the
ion getter pump and the supporting structure will allow to suppress the bias below 1µGal.

(a) (b)

Figure 6.27: Drawing of the QUANTUS-1 atom-chip mount (a) compared to the mount used for
the QG-1 experiment (b), which has a factor of two less mass close to the atoms. The new design
together with a modeling on the 10% level will be sufficient to reduce this shift below µGal
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Light shift in atomic Bragg diffraction

In comparison to Raman diffraction the differential AC-Stark - or one-photon light shift - induced
during Bragg diffraction is suppressed by at least three orders of magnitude due to the smaller
relative laser frequencies ær + æ0 << æeg deĄned in sec. 4.1.1. With the comparably large laser
detuning of 𝛥 = 100 GHz to the 𝐷2 line the one-photon light shift gets negligible at all times.
A second light shift results from two-photon coupling due to an off-resonant frequency pair in
retro-reĆective conĄguration, that was calculated numerically for Raman transitions before [304].
Recent work on the calculation of the two-photon light shift for Bragg diffraction performed in
the group of W.P. Schleich in Ulm [152] came to the conclusion, that the two-photon light shift
for Bragg diffraction for certain conditions can be even smaller compared to Raman diffraction.

For a Mach-Zehnder interferometer only the beam splitting and recombination pulses are
affected by light shifts for Ąrst order calculations, the mirror pulse has no contribution due to its
symmetry. Asymptotic treatment of the Bragg couplings taken from Ąg. 6.28 for large Doppler
shift æ0 ⪰ ær and Gaussian-shaped pulses results in a bound for the light shift

ã
(𝐵)
2ph ♠ 𝛺eff

4ær

(︂

ær

æ0

)︂3

≡ 14µrad < ã
(𝑅)
2ph < ã

(𝐵)
2ph,box ♠ 𝛺eff

4ær

ær

æ0
, (6.25)

which is smaller than the corresponding two-photon light shift for Raman beam splitters and
Bragg beam splitters with box shaped pulses. For box shaped Bragg pulses the contribution
ã

(𝐵)
2ph,box ♠ 2 ≤ ã

(𝑅)
2ph would be two times larger than for Raman diffraction. As seen in eq. 6.25

the two-photon light shift is suppressed with larger Doppler shift æ0. At the current status of
the experiment, when the Ąrst beam splitter pulse is applied áprep = 10.2 ms after release, this
is corresponding to a Doppler detuning of æ0 = 260 kHz and would result in an uncertainty of
∆𝑔/𝑔 = 3.6 ≤10⊗9. But thanks to the favorable scaling behavior in third order for Gaussian-shaped
pulses, already a Doppler detuning of æ0 > 500 kHz - corresponding to a free-fall time before
starting the interferometry of áprep > 20 ms - leads to a suppression well below the µGal regime.
One remark to be aware of is, that this asymptotic model only takes into account Ąrst-order
contributions and for accuracies on the µGal level second order effects might not be negligible,
which then would also affect the mirror pulse, not only splitting and recombination pulses [305].
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Figure 6.28: Schematic of the two parasitic couplings to other momentum states and the resulting
three off-resonant couplings taken into account for the calculation of the two-photon light shift for
Ąrst-order Bragg diffraction (a) compared to the simpler coupling scheme for Raman diffraction (b).
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Beam splitter alignment demands and miscellaneous effects

The knowledge of 𝑘eff directly inĆuences the accuracy of the measurement, since the value for
gravity is deduced from the scaling factor, where 𝑘eff enters. Three different contributions cause
an insufficient knowledge or misalignment of the effective wave vector: the laser frequency, the
horizontal alignment of the retro-reĆector, and the precision of the retro-reĆection. Additional
noise contributions have been discussed in the literature, which are currently of minor relevance,
are listed for completeness and need to be assessed in a future device. These effects are:

• The laser frequency of the beam splitter laser is determined by the detuning 𝛥 relative to
the Rubidium spectroscopy [172]. The 𝐷2 line spectroscopy has previously been performed
to a relative uncertainty of 10⊗11 [306] and a stability of a few hundred kHz is routinely
achieved at the IQ [307]. In the experiment also the stability of locking electronics has to
be considered, which is characterized to be typically on the same level. An uncertainty of
only 100 kHz would be ideal to suppress the uncertainty well below µGal.

• In sec. 3.3 the procedure for the horizontal alignment of the atom chip has been
introduced. For an accuracy below the precision of the measurement, the atom-chip surface
needs to be aligned perpendicular to gravity to better than 𝛩 = arccos (1 ⊗ ∆𝑔/𝑔). The
precision of the alignment procedure depends on the path used to overlap incoming and
reĆected beam. For the current limited resolution a misalignment of below 6 mrad is
sufficient, but in other experiments few percent of a mrad have been achieved [85, 262].

• The exact retro-reflection of the beam splitting light Ąeld can be adjusted by overlapping
incoming and reĆected beam and coupling the light back into the Ąber to the distribution
module. Using this procedure on a total laser traveling distance of 1 ⊗ 2 m an adjustment
of the parallelism of 𝑘1 ‖ 𝑘2 to better than 0.1 mrad is achieved [85, 262].

• The exact phase shift calculation for non-vanishing pulse durations [265Ű268] may lead
to an uncertainty contribution. This can be eliminated using an appropriate measurement
protocol by including alternating between the two mid-fringe positions with opposite slopes
around the central fringe minimum and taking the difference between the signals.

• The larger run-time delay of the retro-reĆected beam compared to the incident one can
cause an enlarged laser phase noise due to the Ąnite linewidth of the laser [308] which is
also a problem in falling corner-cube gravimeters [309]. However, this effect is negligible
due to the small distance of the atoms to the retro-reĆector which is the chip in our set-up
and the small linewidth of the Ąber laser of < 1 kHz.

• Recently reported are inĆuences on the interferometer due to laser frequency chirping
and symmetry limits of the Mach-Zehnder interferometer [310, 311]. These effects are
suppressed with the large laser detuning 𝛥 compared to the given example by two orders
of magnitude, but have to be re-calculated for a future device.

• The inĆuence of laser phase noise is of major importance for Raman-type interferom-
eters [10] and stable reference oscillators and wide bandwidth phase locks [312, 313] are
mandatory. In the case of Bragg diffraction, the requirements are relaxed since a single RF
source and AOM can be used for generating both laser frequencies. In the current setup, a
robust and noise immune setup with a single AOM is chosen for generating the two laser
frequencies which avoids uncommon noise due to effects on different paths.
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6.4.2 Mitigation strategies for dominant uncertainties

Param. Current Future

𝑇 25 ms 35 ms

𝑛 1 or 3 4

𝐶 0.80 0.75

ToF 97.6 ms 135 ms

𝑁 8 ≤ 103 105

𝑇cyc 15 s 1 s

∆𝑔/𝑔 1.4 ≤ 10⊗7 5.3 ≤ 10⊗9

Table 6.8: An extrapolated version
pushes the fountain geometry to the
limit on a 1 cm baseline using a fu-
ture device which and is able to reach
state-of-the-art performance.

To get a realistic estimate on the dominant uncertainties
for a future experiment, the calculations are extrapolated
using a source of the performance achieved in QUANTUS-2
- the direct successor of QUANTUS-1. This device reaches
a state-of-the-art Ćux of 105 atoms per second [117] at a
repetition rate of 1 Hz or higher Ćuxes at lower repetition
rates. In the QUANTUS-1 experiment the fountain geometry
already allows to extend the pulse separation time of the
Mach-Zehnder interferometer to 𝑇 = 25 ms and the total
time of Ćight to ToF = 97.6 ms on a baseline of only 7 mm.
The technical noise of the Mach-Zehnder interferometer using
delta-kick collimated ensembles and Ąrst-order Bragg beam
splitters is still very close to the shot noise limit at a contrast
of 𝐶 = 0.8. With third-order Bragg diffraction still a contrast
of 𝐶 = 0.72 at slightly higher noise is obtained using the PCA-
based evaluation. The total free-fall time for the extrapolated
parameters is only slightly increased to ToF = 135 ms, given by the time of áprep = 45 ms it
takes the atoms to fall the distance of 1 cm. If the needed detection separation time stays
at áprep > 15 ms, a maximum pulse separation time of 𝑇 = 35 ms remains, which combined with
a fourth-order beam splitter leads to a shot-noise limited intrinsic sensitivity of (∆𝑔/𝑔)/

√
Hz =

5.3 ≤ 10⊗9 [156]. These parameters are summed up in tab. 6.8.
The main drive for sensors to use Bose-Einstein condensate is reduced systematic uncertainties.

From the estimations in sec. 6.4.1, the potential for reaching sub-µGal accuracies in a dedicated
setup can be assessed and the most critical remaining contributions identiĄed. Improvements on
components have to be made in order to suppress bias shifts sufficiently. Table 6.9 summarizes
the causes suspected to provide the largest contributions to the measurement uncertainty as well
as mitigation strategies. If not stated otherwise the parameters from tab. 6.7 or tab. 6.8 apply.

• To reach the inferred sensitivity of (∆𝑔/𝑔)/
√

Hz = 5.3 ≤ 10⊗9 and a cycle time of roughly 1 s
improvements on the source and the detection system have to be made. Hereby the
Ćux of 105 atoms/s previously achieved in the QUANTUS-2 experiment is sufficient [117].
In addition the detection system needs to be able to detect the output ports only limited
by the shot noise of 4.5 mrad at this atom number and 𝐶 = 0.7, resulting from 90% beam
splitter efficiency. The crucial part remains suppressing the vibrational background
noise. A state-of-the-art vibration isolation would signiĄcantly improve the sensitivity,
although maximum performance may only be reached at a more quiet site [314].

• The mean field shift can be relaxed by Ąrst lowering the atomic density via faster
spreading of the wave packet during the 45 ms after release from the trap but before
relaunch and then stop them by delta-kick collimation [98, 133]. For the Ąnal size of
300µm at the Ąrst pulse, 105 atoms and 1% beam splitter stability phase shifts introduced
by the mean Ąeld [97] can be sufficiently suppressed below µGal while expansion rates
corresponding to nK temperatures are achievable which preserve the beam splitter Ądelity.

• The Ćuctuations of the launch velocity, which cause a bias due to the Coriolis effect
or gravity gradients [138], can be characterized to the required level and optimized by
the tested release procedure. The scatter of 70µm/s and the stability of the launch
velocity of 15µm/s extracted from the data in sec. 6.3.1 is sufficient to suppress this shift.
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• The surface quality of the atom chip must be signiĄcantly improved for the next
generation. This is crucial for higher-order Bragg diffraction and Bloch oscillations in
order to preserve the high efficiencies and contrasts obtained for lower Bragg orders. A
residual roughness of Ú/10 would be on the order of a standard mirror and is assumed. For a
beam of a diameter of × = 2 cm the phase shifts resulting from the wave front curvature
are insigniĄcant since Bose-Einstein condensates are smaller and expand slower compared
to thermal clouds [88, 294]. Also the point-source nature [98, 100] of Bose-Einstein
condensates may allow to characterize systematic errors arising from wave-front distortions.

• The proximity of atoms close to the chip leads to a bias phase shift due to its
gravity [302]. A mass reduction of the chip mount by two combined with a finite-element
analysis of the mass distribution of the chip mount which calculates the self-gravity
effect with an accuracy at the ten-percent level is sufficient to reach the targeted level.

• Remarkably, compared to Raman diffraction, the inĆuence of light shifts is reduced in
Mach-Zehnder interferometers based on Bragg diffraction. Since the two-photon light
shift effect scales [152] with the third power of the inverse of the atomic velocity, it is
negligible for the parameters needed for the launch in the fountain geometry.

• As already discussed in sec. 6.4.1 the magnetic shielding factor can be greatly improved
using a three instead of a one layer shield granting a residual gradient of below 10∘3 mG/m,
which should be sufficient to suppress any residual bias [298].

Table 6.9: Estimates for the contributions to major systematic uncertainties in the atom-chip
gravimeter using the fountain geometry. As a result the determination of local gravity with an
in-accuracy below ∆𝑔/𝑔 < 1 ≤ 10⊗9 in less than 100 s is compatible to the presented technique [156].

Contribution term Mitigation strategy Noise Bias

(∆𝑔/𝑔)/
√

Hz ∆𝑔/𝑔

Intrinsic sensitivity Next generation source [117] 5.3 ≤ 10⊗9 0

Mean Ąeld shift Tailored expansion and DKC [98, 133] 1.5 ≤ 10⊗10 6.4 ≤ 10⊗11

Launch velocity Scatter 70µm/s, stability 15µm/s [138] 1.5 ≤ 10⊗12 3.1 ≤ 10⊗13

Wave front quality Ú/10 chip-coating, × = 2 cm beam [88] 6.7 ≤ 10⊗10 2.8 ≤ 10⊗10

Self gravity Detailed modeling of chip mount [302] 1.2 ≤ 10⊗12 5 ≤ 10⊗10

Light-shifts Suppressed in Bragg diffraction [152] 1.4 ≤ 10⊗12 1.4 ≤ 10⊗10

Magnetic Ąelds Three-layer magnetic shield [298] 1 ≤ 10⊗10 2.6 ≤ 10⊗10

Target estimation Uncertainty after less than 100 s ≡ 7.8 ≤ 10⊗10



CHAPTER 7

Novel interferometer geometries

Several novel atom interferometer geometries are developed in this chapter which additionally
employ double Bragg diffraction in horizontal direction and take beneĄt of the narrow momentum
widths of delta-kick collimated Bose-Einstein condensates.

Two geometries are implemented which each correlate two simultaneously operated Mach-
Zehnder interferometers generated from a single Bose-Einstein condensate (sec. 7.1). Hereby,
a Bragg or double Bragg diffraction pulse is applied to split the initial condensate into two
sources with non-vanishing relative motion either in horizontal or vertical direction prior to the
spanning of the Mach-Zehnder interferometer. The non-vanishing motions allows to individually
address in the differential signal either rotations by spanning an enclosed area or to increase the
dynamic range with different orders of the beam splitter. These dual interferometers show a
large vibration noise immunity due to the rejection of common mode noise.

Method ∆𝑛 (ℎ̄𝑘)[ Ref.]

Higher-order Bragg 24 ℎ̄𝑘 [67]

Sequential Bragg 102 ℎ̄𝑘, 90 ℎ̄𝑘 [68, 70]

Sequential Raman 6 ℎ̄𝑘, 4 ℎ̄𝑘 [16, 73]

Adiabatic Bragg 10 ℎ̄𝑘 [69]

Adiabatic Raman 30 ℎ̄𝑘 [74]

Double Bragg diff. 8 ℎ̄𝑘 [80]

Raman double-diff. 8 ℎ̄𝑘 [77], 4 ℎ̄𝑘 [78]

Raman & Bloch osc. 10 ℎ̄𝑘 [75]

Bragg & Bloch osc. 24 ℎ̄𝑘, 80 ℎ̄𝑘 [71, 72]

Table 7.1: Comparison of different methods to
realize large momentum transfer beam splitters.

In addition, a novel method for symmetric scal-
able large momentum transfer is developed using
the combination of double Bragg diffraction and
Bloch oscillations in a dual-lattice (sec. 7.2). One
holy grail of todayŠs research in atom interferometry
is the increase of wave packet separation by large
momentum transfer to have an additional lever to
improve the interferometerŠs scaling factor beside
the pulse separation time 𝑇 . For the detection of
infrasound gravitational waves [315] the large mo-
mentum transfer is considered as one of the most
relevant techniques, which leads to a maximum de-
localization of the superposition of an atomic wave
function [70]. The imprint of a larger momentum
directly during the beam splitter with higher-order
Bragg diffraction is limited by the available laser
power. Further increase is either achieved by applying additional sequential pulses or Bloch
oscillations in between the sequence of beam splitter pulses. Table 7.1 gives an overview of the
previously performed experiments and the therein achieved momentum separation demonstrated
in an atom interferometer. Hereby, an elegant method to surpass some systematic uncertainties is
the use of symmetric beam splitting [77, 80]. With the novel method presented here, a momentum
separation of 1008 ℎ̄𝑘 in a single beam splitter and of 208 ℎ̄𝑘 in a atom interferometer are shown.

119



120 7 Novel interferometer geometries

7.1 Correlated atom interferometers

A differential measurement between two correlated atom interferometers is able to suppress
inertial noise through common mode rejection [316]. This rejection is a key feature to operate
atom interferometers beyond the noise level which exceeds its linear response [317] to be used in
inertial sensing or in a dual atom interferometer [318, 319]. A major limitations connected to the
previous approaches are the uncertainties of the two employed laser cooled sources [14, 16, 316].

Two different dual-interferometer geometries are presented here, which both exploit the
correlation between two Mach-Zehnder interferometers. The sources for these interferometers
are generated from a single Bose-Einstein condensate which is initial split by either Bragg or
double Bragg diffraction causing a non-vanishing relative motion between the two sources. The
initial pulse is either applied horizontally to perform a rotation measurement (sec. 7.1.1) or
vertically to form two gravimeters with different scaling factors to enhance the dynamic range of
the acceleration measurement (sec. 7.1.2). These geometries are of interest for future applications
in particular for multi-axis sensing [320] or in extremely noisy environments [289].

7.1.1 Vibrational noise suppressed rotation measurement

With an foregoing double Bragg diffraction pulse it is possible to split the initial ensemble
into two orthogonal halves that travel with 𝑣split = 4ℎ̄𝑘/𝑚 momentum apart from each other.
Applying a Mach-Zehnder sequence with the original beam splitter oriented along gravity and
𝑇 = 5 ms now results in a sequence with two gravimeters depicted in Ąg. 7.1(a). The two atom
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Figure 7.1: With an initial double Bragg diffraction pulse the ensemble is split into two parts
with a relative motion of 𝑣split = 4ℎ̄𝑘/𝑚. A Mach-Zehnder pulse sequence with 𝑇 = 5 ms forms two
correlated interferometers (a). The signals of the two correlated interferometers plotted against each
other form an ellipse plot (b). Three exemplary density plots, with varying population in the output
ports, demonstrate the high correlation between the interferometers (c). A few data points are taken
out because of failure shots. The residual noise is 25 mrad, given by the width of the ellipse.
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interferometers in this scheme are highly correlated since they are falling along gravity altogether
and are interrogated by a common light Ąeld.

The measurement of rotations with an atom interferometer relies on the spanned area 𝐴, which
is enclosed inside the interferometer geometry. This area 𝐴 is spanned in this case, since the
atoms have now a non-vanishing velocity 𝑣split perpendicular to the axis of the beam splitting
light Ąeld. Therefore, after eq. 4.60 a differential Sagnac phase between both interferometers is
induced by the EarthŠs rotation rate

∆ã𝛺E
= 2𝑘eff(𝛺EcosÕ𝑣split)𝑇

2 = 0.83 mrad, (7.1)

with Õ = 53.1◇ the latitude in Bremen and an opposite velocity of the two ensembles of 𝑣split by
the recoil of the double Bragg diffraction.

The density plots and an ellipse plot of the output ports of both interferometers plotted against
each other is shown in Ąg. 7.1(b,c). To Ąll the complete ellipse independently from the amount
of background noise the relative laser phase 𝛥ã is scanned. This method allows a separation of
these parts of the interferometerŠs phase shift, that are linear in gravity from other quantities of
inertia, similar to [99]. The phase shift due to gravity drops out of the differential signal in the
ellipse plot [321, 322]. A signal including gravity can still be measured by taking the sum of both
upper and lower output ports and depicting the fringe pattern, but at the original vibrational
noise level. The ellipse plot shows a differential noise between the two interferometers of about
à∆ã = 25 mrad, given by the width of the ellipse and resulting in a sensitivity of 3.4 ≤ 10⊗3 rad/s
to rotations. This noise is enlarged compared to the fringe scan because of a reduced atom
number due to the distribution onto four output ports instead of two. Plotting the two output
signals results in a line, indicating that the atom interferometers are in phase.

While the estimated sensitivity is too small to measure the rotation of the Earth in the
current setup, anyhow this scheme is in general an interesting topology to measure rotations
in a differential conĄguration utilizing only a single condensate. Until now most high precision
atomic gyroscopes needed the simultaneous operation of two atomic source systems to suppress
vibrational noise [14, 16, 316]. To reach a sensitivity able to resolve the EarthŠs rotation rate the
scaling factor would have to be increased by a few orders of magnitude, by either enlarging the
pulse separation time 𝑇 , the momentum transfer 𝑘eff or the initial splitting of 𝑣split. The relative
drift, however, has in general the disadvantage that the light Ąeld increase in size with drift time
and velocity, similar to [14] and thus requires a large amount of laser power.

7.1.2 Increased dynamic range by multi-sensitivity

Synchronous generation of two Mach-Zehnder interferometers may also be employed to improve
the overall dynamic range, which is for an atom interferometer limited by the need to stay on
one fringe. This can be achieved with two Mach-Zehnder interferometers of different scaling
factors and hence different sensitivities. While the Ąrst operates as highly sensitive probe for
accelerations, the second is only needed for fringe identiĄcation. The different scaling factors are
realized by interrogating both interferometers with individual beam splitter pulses of different
Bragg order 𝑛, such that one interferometer is ∆𝑛 more sensitive. The sequence is schematically
depicted in Ąg. 7.2(a). The splitting of 𝑣split = 10ℎ̄𝑘 is achieved by a sequence of a third-order
Bragg Þ

2 -pulse, followed by a second-order Þ-pulse. The resulting difference in Doppler shift of
150 kHz is sufficient to interrogate each ensemble independently by a sequence of beam splitter
pulses. This is a slightly different scheme as in ref. [323] for example, where instead two noise
conjugate Ramsey-Bordé interferometers are used to read out a differential signal.
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For a demonstration of the correlation, both interferometers have a pulse separation time of
𝑇 = 5 ms, but while the Ąrst interferometer is formed by a Ąrst-oder Bragg diffraction, the second
interferometer operates with a second-order Bragg diffraction and is thereby a factor of ∆𝑛 = 2
more sensitive to vibrational noise. As in the determination of gravity, the induced phase shift
by vibrational noise in the Ąrst interferometer is still below Þ. In the example, which is depicted
in Ąg. 7.2(b), the phase of the Ąrst interferometer is adjusted to mid-fringe position, so that it is
always on the slope of a fringe. Only in this case, each measured phase is explicitly deĄned by the
differential population at the output ports. To simulate a complete loss of phase information, the
more sensitive interferometer is adjusted to top-fringe, where each phase leads to an ambiguity
between the left and right slope. Due to the correlation of both interferometers, the phase of the
second interferometer can be reconstructed by the known phase of the Ąrst one

∆ãAI2 = ∆𝑛 ≤ ∆ãAI1 + ãAI2⊗AI1 (7.2)

with an offset phase ãAI2⊗AI1 which is used as a free parameter to Ąt the correlation to the lowest
residual. The residual noise after correlation is again on the order of à∆ã = 25 mrad, which
would reduce the sensitivities of both interferometers by roughly a factor of two compared to
a single Mach-Zehnder interferometer without a second one. This correlation is presumingly
limited because the pulses are not applied at the same time, but rather subsequently.

This technique would allow to extract the phase of atom interferometers in environments,
where the acceleration signal dynamically changes. To enhance the difference in scaling factor
between the two and therefore the overall sensitivity to accelerations the beam splitter order
needs to be increased. A difference in 𝑇 , that would also lead to a bigger difference in scaling, is
in contrast unwanted, because the amount of correlation decreases, if both interferometers do
not always measure simultaneously. Indeed, the pulse separation time 𝑇 can be adjusted in a
way, such that the less sensitive interferometer stays on a single fringe for any given noise level.
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Figure 7.2: Correlation measurement between two atom interferometers with different scaling factors.
After initial splitting to a relative velocity of 𝑣split = 10ℎ̄𝑘/𝑚 in vertical direction, two Mach-Zehnder
interferometers are spanned by individual Ąrst- or second-order Bragg beam splitters and the same
pulse separation time of 𝑇 = 5 ms (a). The less sensitive interferometer ( ) is adjusted to mid-fringe
position and is used to correct the phase of the more sensitive atom interferometer ( ). The residual
noise ( ) after correlation is in the order of 25 mrad (b).
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Fig. 7.3: Experimental sequence
of the interferometer with large mo-
mentum transfer. Two accelerations
and decelerations by Bloch oscilla-
tions ( ) are integrated into a dou-
ble Bragg interferometer ( ) [80].

A new interferometer geometry using large momentum trans-
fer beam splitters is introduced here, which combines double
Bragg diffraction with adiabatic acceleration and deceleration
by Bloch oscillations in a dual-lattice. The interferometer
geometry schematically depicted in Ąg. 7.3 is an extension of
the double Bragg interferometer published in ref. [80]. The
interferometer comprises the following steps:

• Generate a superposition of two wave packets with
sequential Ąrst-order double Bragg diffraction

• Counter-accelerate the wave packets with a retro-
reĆected optical lattice to large momentum separation

• Study the coherence of the process by obtaining
oscillating populations at the output ports of an inter-
ferometer with a conĄguration similar to ref. [80].

The advantage of this method is, that the symmetric nature
of double Bragg diffraction is also exploited for the Bloch
oscillations, which will intrinsically double the momentum
transfer and keep the complete interferometer highly sym-
metric. While the efficiency to drive either higher-order or
sequential double Bragg diffraction is limited and prohibits to
increase the momentum transfer further and further, Bloch
oscillations, in contrast, show so far the best scalability to
increase the momentum transfer at high efficiency. Due to
this advantageous scaling behavior a so far unprecedented
momentum transfer can be achieved with this method.

In the following, experiments with this novel type of in-
terferometer are presented which study the scaling behavior
of the Bloch oscillations in the dual-lattice with respect to
the theoretical predictions for Landau-Zener in sec. 4.2.3 and
the coherence by the observation of oscillations at the output
ports of an atom interferometer. In previous experiments where Bloch oscillations have been
used to increase the momentum transfer [71, 72, 75], the Bloch oscillations have led to dephasing
causing a loss of observable interference. Although the scaling behavior of the Bloch oscillations
in the dual lattice is beneĄcial, this loss of coherence is also observed in the experiments and the
limits on the momentum transfer are studied.

The efficiency to drive Bloch oscillations is limited by the available acceleration time áacc. The
time for the horizontal beam splitter underlies the constrains set by the size of the beam splitting
light Ąeld and the detection volume because the atoms are falling with gravity. Due to this fact
the lattice acceleration will consume almost the complete pulse separation time 𝑇 to maintain
the largest possible efficiency. In this extreme case, this drastically changes the scaling behavior
and sensitivity function of the atom interferometer depending on 𝑇 and 𝑘eff as in ref. [143].
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7.2.1 Scaling behavior of the momentum transfer

The scaling behavior of the momentum transfer in the dual lattice with respect to the theory
of a single lattice is investigated. Figure 7.4(a) summarizes the losses observed during double
Bragg diffraction and shows that sequential transitions yield signiĄcantly lower losses compared
to direct higher orders to increase the initial splitting. Even though the splitting of 4 ℎ̄𝑘 due
to Ąrst-order double Bragg diffraction is twice the separation as the 2 ℎ̄𝑘 for Ąrst-order Raman
diffraction as in refs. [229, 256], the inĆuence of the non-resonant lattices cannot be ignored.
Figure 7.4(b,c,d) show the Landau-Zener losses which occur due to the respective off-resonant
lattice for a single Bloch oscillation which transfers 2 ℎ̄𝑘 in each direction starting from splittings
of 4 ℎ̄𝑘, 8 ℎ̄𝑘 and 12 ℎ̄𝑘. The Bloch oscillation is performed in acceleration times in the range
of áacc = 52 ⊗ 800µs. Compared to the theoretical curves in Ąg. 4.14 the measured curves show
the expected behavior but no sufficient quantitative agreement could be obtained with the simple
model. The quantitative results need to be improved with the help of a better model as in
ref. [275]. Anyway, these losses get suppressed fast with larger separations and no losses are
observed for 12 ℎ̄𝑘. For the beam splitter, a trade-off has to be made between the losses due
additional double Bragg diffraction pulses and the ability to accelerate fast but nearly lossless.

4 8 12 16

0.25

0.5

0.8

0.9

1

Momentum splitting (ℎ̄𝑘)

T
ra

n
sf

e
r

e
ffi

c
ie

n
c
y

Ö

Bragg method:

higher order

sequential

0 5 10 15
0

0.2

0.4

0.6

0.8

1

Lattice Depth 𝑉0 (𝐸r)

T
ra

n
sf

e
r

e
ffi

c
ie

n
c
y

Ö

áacc =

52µs

100µs

200µs

400µs

800µs

𝑃sp

0 5 10 15
0

0.2

0.4

0.6

0.8

1

Lattice Depth 𝑉0 (𝐸r)

T
ra

n
sf

e
r

e
ffi

c
ie

n
c
y

Ö

áacc =

52µs

100µs

200µs

400µs

800µs

𝑃sp

0 5 10 15
0

0.2

0.4

0.6

0.8

1

Lattice Depth 𝑉0 (𝐸r)

T
ra

n
sf

e
r

e
ffi

c
ie

n
c
y

Ö

áacc =

52µs

100µs

200µs

400µs

𝑃sp

(a) (b)

(c) (d)

Figure 7.4: Losses during higher-order and sequential double Bragg diffraction (a). Landau-Zener
losses occurring during a single Bloch oscillation which transfers 2 ℎ̄𝑘 in each direction measured for
different lattice acceleration times áacc and splittings of 4 ℎ̄𝑘 (b), 8 ℎ̄𝑘 (c) and 12 ℎ̄𝑘 (d).
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To study the scalability, a Ąrst-order sequential transition is sufficient to accelerate reasonably
fast while only 11% of the atoms are lost during initial splitting. The atoms are then loaded into
the dual lattice at Óini = 45 kHz, each wave packet into the fundamental band of the respective
lattice with less detuning. In áacc = 1 ms the dual lattice is accelerated with a frequency ramp
to Óend = 45 + 𝑛 ≤ ær/2Þ and speeds up the wave packets with the momentum transferred from
𝑛 photon pairs in opposite directions. Figure 7.5 shows density plots for increasing transfer of
photon pairs during the acceleration in áacc = 1 ms for up to 208 ℎ̄𝑘 (always including the initial
8 ℎ̄𝑘) as well as a transfer of 808 ℎ̄𝑘 and 1008 ℎ̄𝑘 in áacc = 6 ms. Starting from 128 ℎ̄𝑘 the left
half of the superposition has already left the detection region. The efficiencies of the momentum
transfer for a smaller number of Bloch oscillations is close to unity Ö ≍ 1. For an increasing
number of Bloch oscillations the efficiency decreases slightly due to Landau-Zener losses in the
off-resonant lattices. The total efficiency including initial losses for 208 ℎ̄𝑘 is still above Ö > 0.7.
The acceleration time of áacc = 1 ms was chosen, because for a complete interferometer sequence
enough time for four of these sequences has to be provided in addition to the pulses for the
double Bragg interferometer and the separation time ásep. Therefore, it is not possible to close
an interferometer with more than separation of 208 ℎ̄𝑘 for the current experimental parameters.

Two beam splitters where Bloch oscillations are driven in a larger time of áacc = 4 ms realize a
separation of 808 ℎ̄𝑘 and 1008 ℎ̄𝑘 to demonstrate the scalability of the chosen method. For these
beam splitters an efficiency of Ö > 0.4 for 808 ℎ̄𝑘 and, respectively, an efficiency of Ö > 0.25 for
1008 ℎ̄𝑘 is estimated. These efficiencies are not determined reliably, because the large velocity
blurs out the condensates during the detection pulse. Increased Landau-Zener losses are observed
due to the limited acceleration time and in particular for 1008 ℎ̄𝑘 the diffracted part is close to
the end of the detection region. Both parts of the superposition could only be observed, if they
would be brought together Ąrst. The limit set on the momentum transfer is purely due to the
available time áacc for the acceleration, there is no fundamental limit reached yet.
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Figure 7.5: Density plots of large momentum transfer beam splitter with increasing differential
separation. The initial splitting in all cases is 8 ℎ̄𝑘 realized with sequential Ąrst-order double Bragg
diffraction. Up to 208 ℎ̄𝑘 the acceleration time is áacc = 1 ms, but 4 ms for the two largest separations.
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7.2.2 Doppler selective removal of atoms

With double Bragg diffraction, all losses during the initial splitting pulse and the sequential
transitions remain at the 0, ∘ 2 ℎ̄𝑘 states and are mixed into the output ports with the Ąnal
recombination pulse. A limited beam splitter efficiency Ö does not only contribute to an increased
shot noise due to a smaller atom number, but directly reduces the interferometric contrast and
causes systematic uncertainties [281]. If these atoms are removed, the contrast can be directly
enhanced and it allows to still observe interferometry at smaller atom numbers.

In the case of an interferometer using Raman double diffraction [77] or the SCI-scheme [16] the
remaining atoms in the zero momentum state can be blown away with a simple resonant light
Ąeld, due to the intrinsic internal state change during a Þ

2 -pulse. This allows for independent
addressing of only spurious atoms after the initial splitting and before the Ąnal recombination
pulse. A similar individual addressing for a superposition in momentum states is only possible
with the Doppler shift. The challenge is that the Doppler shift is only non-degenerate in the
direction of the beam splitter while an additional shift along this direction is not helpful. So a
diffraction under an angle is requested using the projection to the Doppler shift to individually
address momentum states but also to have lateral deĆection.

Instead of an additional beam pair in horizontal and vertical direction a single frequency
component is used. The conĄguration is depicted in Ąg. 7.6(a) and a box-shaped pulse
with ∆Ühor = 11 kHz and ∆Üver = 225 kHz applied for á = 300µs yields an efficiency of Ö > 0.9
such that spurious orders are suppressed by at least an order of magnitude without disturbing
the superposition. Density plots of the residuals after blow away compared to the losses during
the initial double Bragg diffraction are depicted in Ąg. 7.6(b).
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Figure 7.6: Coupling scheme for the Doppler selective blow away of spurious atoms (a). The
diagonal coupling provides individual addressing of momentum states and lateral deĆection without
disturbing the superposition. Spurious orders can be suppressed by at least an order of magnitude (b).
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7.2.3 Coherence study with contrast envelopes

To study the coherence of the developed beam splitter an interferometer geometry is spanned,
which is essentially the double Bragg interferometer introduced in ref. [80], including each an
acceleration and deceleration by Bloch oscillations two times. The resulting sequence in total
consisting of seven double Bragg pulse and four lattice accelerations has been depicted already
in Ąg. 7.3. However, the blow away, which is not depicted in Ąg. 7.3, is applied after the Ąrst
acceleration. Due to the complexity of this sequence the atom number which is plotted in
Ąg. 7.7(a) for an interferometer with 208 ℎ̄𝑘 together with the efficiency of each step, is drastically
reduced compared to only a single beam splitter. Especially, the double Bragg Þ-pulse on its
own has only an efficiency of Ö = 0.7 such that in total less than 30% of the initial atoms are
observed in the output ports. The remaining fraction of atoms is higher for smaller momentum
separation because there are smaller losses during the acceleration and deceleration.

As in the case of the fountain gravimeter, due to the large sensitivity, speciĄcally to any kind
of vibrations, the population at the output ports is Ćuctuating statistically all the time. Instead
of using a histogram analysis, a scan of the mismatch Ó𝑇 before the last deceleration sequence
gives rise to a characteristic contrast envelope with a width àÓ𝑇 which is schematically depicted
in Ąg. 7.7(b). For this method, the evidence that there are actually coherent oscillations observed
instead of technical noise is expressed by the difference in normalized Ćuctuations 2

√
2à♣𝑝1⟩

between open and closed interferometers [70]. With this method even for a small amount of
taken data points the coherence of the beam splitting process is proven.
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Figure 7.7: Efficiency per step and total atom number for the example of the interferometer with
208 ℎ̄𝑘 (a). For interferometer with smaller momentum transfer, the efficiency of the acceleration and
deceleration is increased and the total atom number is accordingly higher. Coherence is proven with the
contrast envelope of the Ćuctuations 2

√
2à♣𝑝1⟩ in the output ports depending on the mismatch Ó𝑇 (b).

The contrast envelopes are taken for separations between 16 ℎ̄𝑘 and 208 ℎ̄𝑘. Exemplary density
plots of closed interferometers are depicted in Ąg. 7.8 showing in all cases almost equal losses
from the double Bragg diffraction around the central output ports, but signiĄcantly increased
losses during the lattice acceleration for separations of 88 ℎ̄𝑘 or larger. Up to forty repetitions
of the scans are taken requiring in total around 450 measurements for each contrast envelope,
which consumes roughly two hours. During this time, the signal is required to be stable in
amplitude and offset, otherwise the determination of the contrast envelope is overlaid with drifts.
An accessible measure that indicates the stability of the system is the atom number stability in
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the output ports. The atom number shows oscillating behavior on the 30%-50%-level, depending
on the measurement. This drift in atom number results from a drift of the laser output power,
which is drifting on the 10% level mostly inĆuencing the double Bragg splitting ratio. To be less
susceptible to these drifts Ó𝑇 is increased between each cycle, which are then repeated and not
Ąrst taking a number of measurements with Ąxed Ó𝑇 and changing it afterwards.
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Figure 7.8: Exemplary density plots of closed interferometer output ports. The losses due to the
initial double Bragg diffraction are visible in all cases almost equally around the output ports, but
signiĄcantly increased losses can be observed for the lattice acceleration with separations of ⊙ 88 ℎ̄𝑘.

The obtained contrast envelopes from the measurements are depicted in Ąg. 7.9(a). Because this
plot with the large number of curves is complicated to read, the essential parameters extracted
from the Ątted Gaussian envelopes are plotted in two additional Ągures. In Ąg. 7.9(b) the values
for the Ćuctuations 2

√
2à♣𝑝1⟩ measured in open (extracted from the background plateau) and

closed interferometers (extracted from the top of the curve) as well as their difference are depicted.
The Ćuctuations for open interferometers are all between 2

√
2à♣𝑝1⟩ = 0.05 ⊗ 0.1 and only slightly

increase by trend with larger separation due to the reduction in atom number. The Ćuctuations
for closed interferometers, which are a measure of the oscillating signal, decrease rather rapidly
and stay for separations ⊙ 48 ℎ̄𝑘 between 0.14 ⊗ 0.2 such that the difference between both levels
is by trend decreasing and reaches zero at a separation around 300 ℎ̄𝑘 if the technical noise level
is not reduced. However, transferring 300 ℎ̄𝑘 is not possible in only 1 ms of acceleration time.

In ref. [70] the interferometric contrast 𝐶 is deĄned purely as the Ćuctuations for the closed
interferometer. Only for a stable offset the closed Ćuctuations would directly give rise to the
contrast [324]. For the presented results a fair estimation is between the closed Ćuctuations
and the difference of closed and open Ćuctuations. Thus, the difference represents a minimum
bound for the contrast and even for 208 ℎ̄𝑘 the peak is still signiĄcantly visible compared to the
background noise. The second additional graph in Ąg. 7.9(c) shows the width àÓ𝑇 and the center
position of the contrast envelopes. The width of the curve àÓ𝑇 is a measure of the Şcoherence
lengthŤ in which the signal of the atom interferometer decays due to an insufficient wave packet
overlap. As in ref. [70] this width decreases with larger separation as àÓ𝑇 = 1/(𝑛𝑘à𝑣) anti-
proportional to the expansion rate à𝑣 and the resolution of 4µs in Ó𝑇 limits the determination
of the contrast envelope to separations below 500 ℎ̄𝑘 at the current à𝑣. The jitter in center
position can by now only be explained by the drift in atom number at the output ports leading
to asymmetries in the implementation of the geometry. The largest demonstrated separation
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Figure 7.9: Contrast envelopes for interferometers using large momentum transfer (a). Even for the
largest separation of 208 ℎ̄𝑘 coherent oscillations are still observed, which is twice the largest separation
in an atom interferometer previously demonstrated. Comparison of the Ćuctuations 2

√
2à♣𝑝1⟩ for

closed and open interferometers extracted from the contrast envelopes and their difference (b). A
jitter in the center position of ∘7µs and an exponential decay of the width à is observed (c).

of 208 ℎ̄𝑘 during this demonstration represents more than twice the separation inside an atom
interferometer compared to all that has been to the best knowledge reported previously.

The sensitivity of an interferometer with such large momentum transfer is too high to directly
measure inertial quantities, besides in a very quite environment or in a dual atom interferometer
with a differential measurement. Nevertheless, with the contrast envelopes the coherence of the
beam splitter and the evolution of the contrast with increasing separation is studied. At the
current status, the drop in contrast and the decreased atom number in the output ports set a
limit to the achievable separation. The efficiency of the beam splitter itself is at the current
status completely limited by technical means. The technical noise level may be reduced in the
future with improvements in the passive laser power stability or by an active stabilization.

Different aspects need to be investigated in the future to better understand this new beam
splitter and to Ąnd possible applications:
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• The Landau-Zener losses observed for the beam splitter are not fully agreeing to the
calculation taking into account just two Bloch bands. A proper simulation of losses using a
1D-reduced Gross-Pitaevskii model shows reasonable agreement for Bloch oscillations in a
single lattice in ref. [275]. Improvements on the experimental calibration and the inclusion
of the second lattice seems promising to obtain quantitative agreement to the experiment.
With such a model predictions on the scalability of the method can be achieved.

• So far, every frequency ramp to accelerate the lattices was only a single linear chirp. From
the Landau-Zener losses it is expected, that the largest losses occur, when the detuning of
the off-resonant lattice is still small. With this knowledge and based on the simulations
an optimized acceleration sequence may be found with slow acceleration Ąrst and
then accelerating the frequency chirp to transfer the momentum in less time. It would be
favorable to optimize not only the lattice acceleration, but also the efficiency of double
Bragg diffraction, especially the Þ-pulse.

• Mechanisms leading to the reduction of contrast due to dephasing processes are not
estimated by now. For example diffraction on the chip edge could cause similar spatial
laser power inhomogeneities as observed in ref. [70] or density dependent effects along the
lattice may cause heating [275] which is not visible in the short observation time, but leads
to dephasing. Additionally, systematic uncertainties, as light shifts, connected to the
large momentum transfer and the lattice need to be estimated.

• The shown interferometer geometry is sensitive to a tilt as the original example in
ref. [80]. The combination of the relaunch together with the horizontal large momentum
transfer beam splitter would allow for an order of magnitude longer acceleration times 𝑡acc

which could be used to further increase in momentum separation. A fountain would also
allow to span a four-pulse butterfly geometry, which is sensitive to rotations [17].



CHAPTER 8

Future experiments, summary and conclusion

Fig. 8.1: Sketch of the Hannover Institute for
Technology (HITec) currently under construc-
tion. (image by CARPUS+PARTNER [325])

The atom-chip gravimeter realized in QUANTUS-1
and the in this thesis presented methods are a
pathĄnder for future experiments realizing precision
measurements with Bose-Einstein condensates. In
the framework of the collaborative research center
geo-Q (SFB 1128) and the newly founded Hannover
Institute for Technology (HITec) [325], which is
sketched in Ąg. 8.1, two experiments for novel atom
interferometers are currently in progress. In this
chapter a short overview on their directions of re-
search is given and the relevance of the presented
work for these experiments will be highlighted.

The Ąrst new experiment is the transportable
Quantum Gravimeter QG-1 developed in collabo-
ration with the Institut für Erdmessung (IfE) in
Hannover (sec. 8.1). The QG-1 will employ a novel atom-chip source combined with Bragg
interferometry to reach a state-of-the-art sensitivity, while exploiting ultracold 87Rb atoms to
improve on systematic uncertainties beyond the current state-of-the-art. It targets to measure
gravity with an inaccuracy below 1µGal and proĄts greatly from the work on gravimetry with
BECs presented in this thesis to perform in Ąeld-measurements for geodetic application.

The second experiment will strive to increase the sensitivity of employed atom interferometers
to gravity by extending the free-fall baseline to 10 m (sec. 8.2) which allows for interferometry
times on the scale of seconds. Due to its large scale this device is called ŞVery Long Baseline
Atom InterferometerŤ (VLBAI). Even with dropped atoms its sensitivity is impressive, but to
push the scaling factor further large momentum transfer beam splitters and a fountain mode will
be implemented, following the techniques developed in this thesis. The VLBAI device will be
directly integrated as a research facility for atom interferometry on large scales into HITec.

In the Ąnal section of this thesis a summary and a conclusion on the possible impact of the
presented work for future developments is given (sec. 8.3). In addition to the two experiments,
which are already under way today, ideas for a future miniaturized atom-chip gravimeter are
gathered. The design of such an experiment further develops the combination of an atom chip
with the fountain geometry and paths the way to miniaturized quantum sensors in the future.
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8.1 Quantum gravimeter QG-I

Vibration isolation

IGP & valve section

Seismometer

Mirror

Detection

Drop tube

TiSub

3D-MOT

Atom chip

2D+-MOT

Magnetic shield

Vacuum

sensor

Fig. 8.2: A schematic depiction of the QG-1
sensor head. The vacuum system is mounted in-
side a three-layer magnetic shield and placed on
a passive Minus-K vibration isolation platform.
For a high Ćux of ultracold atoms, a next genera-
tion atom chip in combination with a 2D+-MOT
is used. A drop baseline of 30 cm length allows
for high sensitivity using delta-kick collimated
Bose-Einstein condensates in free fall with pulse
separation times up to 𝑇 = 100 ms and Bragg
beam splitters. The device targets a systematic
uncertainty in the gravity determination below
1µGal in less than an hour of integration.

The QG-1 is a successor of the here presented atom-
chip gravimeter prototype and is optimized for inves-
tigating the ultimate accuracy gain for gravimetry
which is achievable due to the use of Bose-Einstein
condensates. The apparatus, therefore, follows a
more conservative design and uses the atom chip
only for state preparation. Rather than implement-
ing a relaunch and using a fountain geometry as
introduced in sec. 6.3, the baseline is increased to
approx. 30 cm enabling pulse separation times up
to 𝑇 = 100 ms using dropped Bose-Einstein conden-
sates. From a technological point of view, QG-1 will
be a step forward in every relevant aspect compared
to the QUANTUS-1 prototype. With a sensor head
which is speciĄcally designed for gravimetry a mea-
surement of gravity with an accuracy below 1µGal
is targeted. In a Ąrst step, the performance of the
QG-1 will be studied in comparison to established
instruments like a gPhone or an FG5X-220 [30, 326,
327]. The characterization of systematic uncertain-
ties is pursued in HITec to reach the anticipated
accuracy and explore its limits. Future experiments
comprise a gravity measurement campaign in Swe-
den leading to a more accurate observation of the so
called Fennoscandian uplift by the IfE [135Ű137].

The complete apparatus consists of a sensor head,
placed on a vibration isolation platform [314] and
a separate temperature stabilized 19 inch rack con-
taining the electronic control subsystem, the laser
and optics distribution system, as well as the data
acquisition hardware. This allows for an over all
compact and transportable device capable of oper-
ation under non-laboratory conditions. The sensor
head is depicted in Ąg. 8.2 and comprises the vac-
uum chamber which is mounted inside a three-layer
magnetic shield with the ion getter pump at the top
outside of the shield. The retro-reĆection concept
is different to the atom-chip gravimeter introduced
in this thesis. Instead of using the atom chip it-
self as the retro-reĆector, in the QG-1 a separate
high-quality mirror is employed as retro-reĆector.
Herby, the laser beam is reĆected from the atom
chip at a 45◇ angle from the top of the apparatus
and redirected onto the retro-reĆecting mirror at
the bottom of the vacuum system. Besides provid-
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ing a superior optical quality, this allows for placing the inertial reference close to a seismometer
and counter-acting the EarthŠs rotation via a piezo controlled tip-tilt mirror stage [300, 301].

The atomic source system for the QG-1 device emerged from the design developed and
employed in the QUANTUS-2 experiment [117] which has several severe improvements over the
source system of QUANTUS-1. The new source system combines a high-Ćux 2D+-MOT with a
next generation atom chip depicted on a photograph in Ąg. 8.3(a). Beside the ŞscienceŤ layer,
which is still similar to the design used in QUANTUS-1 with a Z-type and a U-type wire, the
next-generation chip has also a second ŞbaseŤ layer with bigger structures and mesoscopic wire
structures underneath these layers. This design has the advantage, that magnetic traps with larger
volumes can be generated and the coils for the magneto-optical trap can be substituted completely
with the mesoscopic wire structures. The 3D-MOT coils are the biggest macroscopic coils in the
QUANTUS-1 experiment which need to be water cooled and cause additional vibrations. The
double stage source system with a 2D+-MOT [328] provides a remarkable increase in loading rate
compared to the loading from a background vapor as in QUANTUS-1. Previous experiments
with a similar source achieved 105 condensed atoms per second [117] which makes delta-kick
collimation to counteract mean Ąeld effects even more important. At a larger cycle time of 1.5
seconds even 5 ≤ 105 condensed atoms are possible and the device can provide larger atom
numbers in the hydrodynamic regime, between recoil limit and condensation threshold. The
pulse separation time of 𝑇 = 100 ms combined with a Ćux of 105 atoms per second allows for
sensitivities in the low 10⊗9 regime in (∆𝑔/𝑔)/

√
Hz already with Ąrst-order Bragg diffraction.

All necessary light Ąelds for cooling, trapping, beam splitting and absorption detection of
the Ąnal interferometer state are provided using a single frequency doubled telecom Ąber laser
system [329]. The anticipated output power obtained after frequency doubling is more than 2 W.
Those powers are distributed and controlled via free-space optics on a honeycomb breadboard.
The master laser at 1560 nm as well as the free-space light distribution at 780 nm are placed on a
single 60 × 40 cm breadboard as depicted in Ąg. 8.3(b) [202]. The frequency stabilization of the
master laser is performed either by a beat measurement to an external cavity diode laser or a
sideband modulation technique with an EOM [330]. The absolute frequency reference is in both
cases a modulation transfer spectroscopy [307] mounted on a separate module.

SHG

Reference

laser module

Fibers to

experiment

Acousto-optic

modulators

(a) (b)

Figure 8.3: Details on the QG-1 atomic source. Next generation atom chip for high Ćux BEC
generation which is only slightly modiĄed from the QUANTUS-2 chip (a). A single high-power laser
provides the light for cooling and beam splitting (b). A 60 × 40 cm bread board contains the second
harmonic generation, the free-space light distribution and a modulation transfer spectroscopy.
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8.2 Very long baseline atom interferometry
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Fig. 8.4: The VLBAI vacuum assem-
bly. The vacuum tank is downsized
and the 10 m interferometry region
cut in two parts with enlarged µmetal
shield. Two atomic sources are placed
on both ends of the drop tube.

A straight forward way to drastically increase the sensitivity
of an atom interferometer is to extend the pulse separation
time 𝑇 further and further. The extension of pulse separation
time to the scale of several seconds is only possible using
delta-kick collimated Bose-Einstein condensates. On Earth
this has the major consequence, that the free-fall baseline
also increases quadratically with time. In consequence the
whole experiment needs to grow as well and leads to a mas-
sive increase in investment into complex and large vacuum
vessels. The construction of theses vacuum systems faces sev-
eral challenges, as for example a magnetic shielding at 10 m
length [331]. Very few experiments with free fall baselines
as large as 10 m are operating right now [36, 100]. In Han-
nover the so called ŞVery long Baseline Atom InterferometerŤ
(VLBAI) is in the progress of construction and will enable
free evolution times in the order of a few seconds with a
maximum Ćexibility in the choice of atomic species.

The VLBAI facility is one out of three major research
instrumentations (DFG - Großgeräte) integrated into the
HITec building. It comprises an approximately 12 m long
vacuum vessel of which almost 9 m are magnetically shielded
for performing atom interferometry. Two sources on both
sides of the free-all baseline will allow for the generation
of ultracold Rb-Yb mixtures to be either dropped but also
to be launched. A lattice launch of atoms from the lower
source chamber will allow for a free-fall time of 2𝑇 = 2.6 s
in total and combined with large momentum transfer beam
splitters to reach the deviceŠs ultimate sensitivity. There-
fore techniques investigated in sec. 5.3 and 7.2 are of high
importance for this device in the future. A vacuum tank is
placed at the lower end of the systems in which a vibration
isolation will be placed, with a similar design to the ones
used in the AEI 10 m prototype laser interferometer [332].
Since vibrational background noise is an important issue in
all gravity measurements this will make VLBAI an ideal test
bed to perform accurate measurements of gravity. Rather
than using an atom chip for the atomic source, the VLBAI
employs an optical dipole trap at a wavelength of 2µm for
trapping, condensation and to overlap two ensembles of dif-
ferent species. The condensation of 87Rb in a dipole trap of
this wavelength has been demonstrated before [333].

The major scientiĄc goals of the VLBAI project in Han-
nover are outlined in the following. With its sensitivity a
large scale device offers the possibility to perform a variety
of measurements using atom interferometry, where in most
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cases an even further increase in the scaling factor is preferable. In the near future VLBAI-type
devices are expected to provide valuable insight into the understanding of fundamental physics.
Each of these scientiĄc goals itself is at the frontier of current research asking challenging, some
controversially discussed, questions in the interest of modern physics:

• The accurate determination of gravity with quantum sensors is a primary goal in geo-Q.
In this context VLBAI contributes an accurate geodetic gravity reference. With
the stable vibration isolation and its high sensitivity to gravity it has ideal preconditions
for accurate measurements. In addition, two gravimeters simultaneously operated with
different atomic species lead to a test of the universality of free fall (UFF).

• With two source chambers separated by a large baseline VLBAI is able to perform differential
measurements between two atomic ensembles at different positions and to measure gradients.
Quantum gradiometry is not only of interest for Earth observation but moreover for
testing prerequisites necessary for gravitational wave detection with atoms measuring
the so-called space-time strain following the theoretical work in ref. [334, 335]

∆ãGW = 8𝑘effℎ𝐿sin4
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2

)︂(︂

7 + 8cosæ𝑇

2

)︂

sin𝜃GW. (8.1)

After early suggestions how to measure gravitational waves in an atom interferometer [336,
337], a Ąrst concept for a space mission was proposed [338] which lead to discussions [339,
340]. New concepts were developed like using single photons beam splitter on the clock
transition of alkaline atoms atoms [216], or new geometries and detection schemes [217].

• Interesting proposals have been made to test general relativistic effects all requiring the
immense sensitivities VLBAI will be able to access. Examples are the occurrence of higher
order phase shift terms in an atom interferometer [334, 341] or interferometry with
clock states demonstrating time dilation with a superposition of clocks [342].

• Exploring the bounds of quantum mechanics with macroscopically delocalized super-
positions [70] may reveal the mechanisms which fundamentally lead to a decoherence
of a superposition state [343] at the transition between classical and quantum systems.
Second-scale pulse separation with meters-per-second-scale beam splitters as demonstrated
in this thesis are able to span superpositions delocalized over several meters.

Scenarios for testing the UFF with mixtures of Rubidium and Ytterbium

One driver behind the construction of large scale atom interferometers is to test special or general
relativity, which is one of the major foundations of modern physics. Atom interferometric tests
target to measure the UFF, one of the postulates underlying EinsteinŠs principle of equivalence,
by simultaneously comparing the free-fall rates of two different test masses as accurately as
possible. Up to now mixed (comparing a quantum to a classical object) or pure (comparing
two quantum objects) quantum tests as listed in tab. 8.1 can not compete with torsion balance
experiments [38] or Lunar Laser Ranging [37]. Large scale devices offer the possibly to perform
atom interferometry with second scale interrogation times on ground which allow to envision tests
on these levels of accuracy and possibly go beyond. VLBAI will employ mixtures of ultracold
Rubidium and Ytterbium targeting a test of the UFF compatible to todaysŠ best classical tests
at the parts in 1013 level. The combination of Rubidium and Ytterbium as test masses is a solid
choice concerning the mass difference as well as their composition [282].
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A test of the UFF is usually parametrized by the so called Eötvös ratio [344, 345]
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with the gravitational acceleration 𝑔 acting on the test bodies A and B and their respective ratios
of gravitational mass 𝑚gr and inertial mass 𝑚in. The Eötvös ratio represents a parametrization
of a possible violation coupling to the difference in these ratios between the two test masses.
Theories predict, that violations could arise for example from spin-gravity coupling [31, 34, 346,
347] or metric Ćuctuations [348]. A strength of a quantum test is the variety of isotope pure and
spin polarized test masses available, if the possibility to trap and laser-cool them exists. It is
hence possible to access parameters, which are not well parametrized by mass and not available
with classical test pairs. To reĆect this fact, in the standard model extension possible violations
of the UFF are parametrized dependent on the composition of the test masses [349Ű351].

Table 8.1: Overview of previously performed matter wave tests of the UFF. The Ąrst two semi-
classical experiments compared the free fall of cold atoms to that of a falling corner cube by gravimetry.

Experiment Reference Mass A Mass B Eötvös ratio Ö A,B

Palo Alto [9] 133Cs SiO2 (7.0 ∘ 7.0) × 10⊗9

Paris [30] 87Rb SiO2 (4.4 ∘ 6.5) × 10⊗9

München [31] 85Rb 87Rb (1.2 ∘ 1.7) × 10⊗7

Palaiseau [32, 268] 85Rb 87Rb (1.2 ∘ 3.2) × 10⊗7

Firenze [34] 87Sr 88Sr (0.2 ∘ 1.6) × 10⊗7

Hannover [35] 39K 87Rb (0.3 ∘ 5.4) × 10⊗7

Wuhan [36] 85Rb 87Rb (2.8 ∘ 3.0) × 10⊗8

Table 8.2: The three test scenarios for a test of the UFF in VLBAI taken from ref. [282].

Test case Pulse separation 𝑇 (Rb,Yb) Beam splitter 𝑘eff (Rb,Yb) Comment Target Ö A,B

Initial 500 ms, 505.7 ms 8Þ/(780nm), 4Þ/(399nm) drop only 5.7 × 10⊗11

Intermediate 500 ms, 500 ms 8Þ/(780nm), 4Þ/(399nm) adv. source 6.7 × 10⊗12

Advanced 1300 ms, 1300 ms 16Þ/(780nm), 8Þ/(399nm) fountain 7.4 × 10⊗13

The detailed error analysis published in ref. [282] allows to estimate the level on which a test
of the UFF may be performed in this device and the parameters needed to reach these. The
targeted test performance comprising three different anticipated test scenarios is listed in tab. 8.2
targeting tests ranging from the parts in 1011 to the parts in 1013 level which would catch up to
classical tests. Hereby, the ultimate sensitivity utilizing a pulse separation time of 2𝑇 = 2.6 s
which is needed for the most advanced test for VLBAI can only be reached in a fountain mode.
The integration of a relaunch for the atoms is therefore mandatory and the technique presented
in this thesis is a suitable way to realize this. A further increase in the scaling factor will only be
possible integrating larger momentum transfer beam splitters, since only up to fourth-order has
been considered in the current scenarios but already the largest possible pulse separation time.
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8.3 Summary and conclusion

During the course of this thesis the Ąrst atom-chip gravimeter with Bose-Einstein condensates
has been realized in the QUANTUS-1 experiment. In the implementation of the gravimeter the
atom chip is used for the generation of Bose-Einstein condensates, state preparation, including
magnetic sub-state transfer, delta-kick collimation and Stern-Gerlach-type deĆection as well as a
retro-reĆector for the beam splitting light Ąelds. In that way, Mach-Zehnder type interferometers
using Bragg diffraction to measure gravity can be formed and their output ports detected in a
cube below the atom chip with a side length of less than one centimeter. Starting with a simple
experimental implementation with dropped Bose-Einstein condensates a determination of local
gravity with an uncertainty of ∆𝑔/𝑔 = 1.3 ≤ 10⊗5 in roughly eight hours has been demonstrated
which is limited by background vibrations. The vibrational background noise acting on the
non-isolated setup is in reasonable agreement to the level determined by two additional classical
sensors. The intrinsic sensitivity, however, operating a Mach-Zehnder interferometer with Ąrst-
order Bragg beam splitters, an interferometric contrast of 𝐶 = 0.75 and the largest pulse
separation time of 𝑇 = 5 ms is signiĄcantly better. The measured phase read out noise including
all non-inertial noise contributions would allow to measure gravity to ∆𝑔/𝑔 = 3.2 ≤ 10⊗6. Indeed,
this limit is very close to the shot noise limit for 𝑁 = 10 000 atoms. Nonetheless, this successfully
demonstrates already in this simple setup important techniques for the determination of gravity,
which are of valuable contribution to the next generation Quantum Gravimeter QG-1. This
device will by design achieve a much better performance as this demonstrator, but still has
roughly the same size as other current generation devices.

A major limitation on the intrinsic sensitivity in this Ąrst mode of operation is the tightly
constrained time of free fall ToF = 34 ms, given by the end of the detection region 7 mm
below the atom chip. It permits to apply the state preparation as wanted and limits the pulse
separation time to 𝑇 = 5 ms. To overcome these constrains a novel mechanism was developed to
relaunch Bose-Einstein condensates in a retro-reĆected optical lattice. Bloch oscillations in an
accelerated optical lattice are routinely used to transfer a large number of photon recoils with
high Ądelity. The challenge to implement this method in the atom-chip gravimeter is, to use the
same retro-reĆected light Ąeld for driving Bragg diffraction and Bloch oscillations, referenced
to the atom chip. This causes large losses in the case of a single lattice acceleration due to an
additional lattice with opposing Doppler shift and two standing waves, while crossing the zero
momentum state, e.g. when atoms are at rest. With a combination of a deceleration stage by
Bloch oscillations, a 16 ℎ̄𝑘 double Bragg diffraction pulse, which inverts the momentum state
and Ąnally an acceleration sequence by Bloch oscillations these losses can be prevented. In total
the efficiency of the relaunch process can be enhanced from 25% for a single lattice acceleration
sequence to more than 75% for the optimized sequence at a total transfer of more than 100
photon recoils. The limits on the efficiency have been studied in detail. This new method
provides a valuable tool, to be implemented into atomic inertial sensors, without changing the
optical setup and therefore increasing the deviceŠs complexity. In QUANTUS-1, with application
of the relaunch, the time of free fall can be elongated to ToF = 97.6 ms without enlarging the
baseline - so almost a factor of three larger compared to originally 34 ms.

With the implementation of the relaunch technique in the gravimeter sequence a fountain
geometry has been realized, that almost closes the gap in scaling factor to the current state-of-
the-art gravimeters, but keeping a smaller volume. The fountain geometry allowed to improve the
intrinsic sensitivity of the atom-chip gravimeter to ∆𝑔/𝑔 = 1.4≤10⊗7 by extending the total time of
Ćight to ToF = 97.6 ms and the pulse separation time to 𝑇 = 25 ms at a contrast of 𝐶 = 0.8. Due
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to the large vibrational background at high sensitivity a value for gravity can not be determined
anymore. However, the technical noise of the Mach-Zehnder interferometer using delta-kick
collimated ensembles and Ąrst-order beam splitters is still at or at least very close to the shot noise
limit for the currently launched atom number. Additionally, the implementation of higher-order
Bragg diffraction up to third-order is shown and the interferometerŠs signal is evaluated with the
help of principal component analysis. The use of a PCA-based evaluation allows to overcome a
loss of contrast which is caused by dephasing due to curved wave fronts. With a regain from
𝐶 = 0.35 to 0.72 an even slightly improved intrinsic sensitivity of ∆𝑔/𝑔 = 1.1 ≤ 10⊗7 can be
reached. The current limits on these parameters in the QUANTUS-1 experiment are clearly set
by the insufficient surface quality of the atom chip and the end of the detection region 7 mm
below the chip and can be overcome in a dedicated setup. In combination with a source matching
the performance of the QUANTUS-2 experiment [117] sensitivities of (∆𝑔/𝑔)/

√
Hz = 5.3 ≤ 10⊗9

are in reach paving the way for miniaturized atomic devices in the future.
The additional effort to integrate a Bose-Einstein condensate in atomic sensors is mainly

justiĄed by the gain in accuracy due to its unique properties in size and expansion rate. The
prototype gravimeter realized in QUANTUS-1 is fully limited by statistical noise even after
eight hours of integration. Nevertheless, an estimation on the known effects, which cause
systematic uncertainties, grants a valuable insight into the future perspective. The scheme and
the atom-optics operations developed in this thesis already match the requirements to reach
a high sensitivity in a dedicated setup with high atomic Ćux and improved sub-components.
The improvements on the sub-components include the vibration isolation, magnetic shielding
or speciĄcally the surface quality of the atom chip, which are foremost limiting the device at
the moment. But, especially delta-kick collimation to obtain high beam splitting Ądelities after
relaxing mean Ąeld interactions, the residual initial motion and the suppression of light shifts [152]
pair favorably with the fountain geometry. Based on these techniques mitigation strategies have
been discussed to reach accuracies below 1µGal using delta-kick collimated condensates.

Several novel atom interferometer geometries have been developed in this thesis. Two geometries
are implemented which each correlate two simultaneously operated Mach-Zehnder interferometers
generated from a single condensate by a Bragg or double Bragg diffraction pulse which splits the
condensate into two sources with non-vanishing relative motion. These dual interferometers allow
to address either rotations or to increase the dynamic range, and show a large vibration noise
immunity due to the rejection of common mode noise. Additionally, a novel method to realize a
large momentum transfer mechanism has been investigated. The method combines the initial
splitting with a double Bragg diffraction Þ

2 -pulse with the differential acceleration of the wave
packets by Bloch oscillations in a dual lattice. Performing the initial splitting with double Bragg
diffraction of at least 4 ℎ̄𝑘 momentum separation, or multiples with sequential transitions, shows
a more advantageous scaling behavior than for only 2 ℎ̄𝑘 of initial splitting by a single Bragg or
Raman pulse. This scaling behavior together with the fact, that both retro-reĆected lattices can
be used to counter-accelerate atoms away from each other, allows to transfer more than 1000 ℎ̄𝑘
of total differential splitting in a single acceleration sequence of only 4 ms duration and to still
observe a fraction of approx. 25% remaining atoms. With this method an interferometer can be
formed similar to [80] but with an acceleration and deceleration phase in-between each Þ

2 -pulse
and the Þ-pulse in the middle. Contrast in a closed atom interferometer has been observed
up to 208 ℎ̄𝑘 momentum separation, which equals a differential wave-packet velocity of approx.
1.1 m/s and a total of 832 ℎ̄𝑘 transfered photon momenta during the interferometer. This result
represents more than twice the separation inside an atom interferometer compared to all that to
the best knowledge has been reported previously [68, 70, 72].
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Concepts for future miniaturized quantum sensors

The atom-chip technology has proven to be versatile, reliable and very well suited for future
development of compact quantum sensors. The unique element in the implementation of the
atom-chip gravimeter developed in this thesis is the retro-reĆection of the beam splitter laser
from the chip surface and thus using it as inertial reference. The compactness of this arrangement
is a strong argument in favor of this scheme having the perspective to be used for miniaturized
sensors in the future. An artist illustration of such a miniaturized atom-chip fountain gravimeter
is depicted in Ąg. 8.5 adapted from ref. [352, 353]. The surface quality of the current chip is thus
the major limiting factor in the application of the relaunch or beam splitters, especially in higher
order, as well as it is the source of phase gradients reducing the interferometric contrast. The
feasibility to reach state-of-the-art performance strongly relies on the assumption which quality
of the retro-reĆector is reached by different ways of manufacturing. But also additional features
may be added in the future to enhance the chipŠs capabilities [354] or to simplify the setup.

Fig. 8.5: Gravity in hand - vision of a miniatur-
ized atom-chip fountain gravimeter [352, 353].

The technology currently used as a mirror is a
transfer coating directly installed as top-layer on
the chip as described in ref. [205]. By speciĄcation
the height differences of the mirror surface equals
2µm for 7µm gold wires underneath. Alternatively
a metal coating may be used as mirror [355, 356],
but not directly over current carrying wires, so an
isolation layer is needed. To further planarize the
surface spin-on-glass or a polyimide can be used
and installed on-top again a metal or dielectric coat-
ing. Planarizing three times a residual roughness of
300 nm with 5µm wires was achieved in ref. [357].
Further chemical-mechanical polishing decreases
the residual roughness [358] and roughnesses of
5 nm have been achieved in ref. [359]. This would
be equal to a surface quality better than Ú/10 which
is the value assumed for the uncertainty budget.

The fountain gravimeter scheme itself already represents an important step towards a miniatur-
ized atomic sensor, since the drop baseline of the atoms can be signiĄcantly smaller and for the
Ąrst time it has been demonstrated that the complete experimental sequence can be integrated in
such a small volume. Of course a fully miniaturized sensor depends on all components needed to
perform the experiment, like the laser system [161, 173] or electronics, but most importantly the
vacuum systems itself as the QUANTUS-2 dual-chamber design depicted in Ąg. 8.6. Two different
approaches can simplify chip-assisted state trapping and cooling using either a pyramidal-shaped
retro-reĆector [57, 58] or microfabricated grating chips [360]. Additionally, intra-cavity interfer-
ometry [361] may reduce the laser power required to drive Bragg diffraction or Bloch oscillations.
Recently, the DLR started the project KACTUS to study several technological advancements
over the currently used atom chip in the QUANTUS collaboration. One Ąrst improvement is to
develop hermetically sealed chips to drastically decrease out-gas rates and eliminate conventional
feedthroughs. This does not only help to increase the lifetime of produced condensates, but
then the chip itself can be used to hermetically seal the vacuum, this drastically allows to shrink
down the size of the vacuum system [116]. Eventually, the implementation of squeezing [101Ű109]
combined with a low-noise detection [362, 363] would allow for smaller atom numbers while not
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decreasing the intrinsic sensitivity, but reducing uncertainties due to mean Ąeld interactions.

Next generation source
& atom chip

Electronics Compact laser

(a)

(b)

Fig. 8.6: Advanced technologies for a future
miniaturized atom-chip fountain gravimeter.
The next generation source from QUANTUS-2
provides a larger Ćux of cold atoms [117] (a).
Miniaturized electronics developed for the
MAIUS rocket and a compact diode-laser system
manufactured by the FBH [161, 173] (b).

Miniaturization and robustness is not only impor-
tant for gravity measurement in the Ąeld of terres-
trial Earth observation but also offer a perspective
for broadened applications, most prominently au-
tonomous inertial navigation. Beside the accurate
measurement of gravity in a single direction, these
require the determination of all axis of inertia [320]
at a comparably high data rate [364Ű366]. Joint
measurements between more than one sample at the
same time may reduce or even completely eliminate
dead times between subsequent measurements [17,
367], which is an important ingredient to not lose
track of an inertial signal at times the atom inter-
ferometer is not operated. So far most of these tech-
niques have only been demonstrated for laser-cooled
sources with larger Ćux of atoms, higher cycling
rates and less susceptibility to atom loss due to
stray light, but these aspects can be improved for
interferometers using condensates in the future. An
alternative applicable for Bose-Einstein condensates
might be the use of a continuous atom laser [368,
369], where atoms are out-coupled from a larger
reservoir. Similar schemes and techniques apply for
additional valuable Ąelds of application like airborne
gravimetry or gradient measurements on satellites.
In the end, these type of sensors are operated in
a rougher environment where vibration isolation is
no longer sufficiently doable but hybridizing with
classical seismic sensors is needed [286].

Further research with QUANTUS-1

The use of Bose-Einstein condensates for atom interferometry and to combine them with
manipulation techniques relying on Bragg diffraction or Bloch oscillations is the central element
of the experimental work presented in this thesis. For these experiments the QUANTUS-1
apparatus provides an ideal testbed. With the implementation of the atom-chip gravimeter this
work has demonstrated novel opportunities to Ąnd schemes applicable for miniaturized quantum
sensors and to mature atom interferometry with Bose-Einstein condensates. But beside from
these compact devices, the presented experimental methods are also of relevance for large scale
devices or space applications. The presented results show in a nutshell:

• Bose-Einstein condensates offer a promising route to reach improved accuracies for the
next generation of quantum gravimeters and of interest for geodetic Earth observation.

• Bragg and double Bragg diffraction are valuable choices as beam splitters in atom
interferometers and show even advantages compared to Raman diffraction.

• Atom-chip technology already allows to shrink atomic sensors down from laboratory
sized experiments into robust, transportable devices and will lead to further miniaturization.
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• Bloch oscillations in optical lattices are a mighty tool implemented in atom interferometry.
Especially the combination with Bragg diffraction can solve problems in an elegant way,
introducing new manipulation techniques to develop novel measurement schemes.

The research with QUANTUS-1 continuously offers exiting perspectives. The momentum
broadening which is observed after the relaunch due to the disturbances on the chip surface
needs to be eliminated prior to the next steps. It was already seen, that this effect can be
minimized by shifting the Bose-Einstein condensate and the center of the laser beam to another
region below the chip. At the same time reducing its diameter by an aperture to avoid hitting a
defect immensely reduces diffraction patterns. For such a shift the optics used for double Bragg
diffraction may not be used, because it is not possible to accelerate and later on stop the atoms.
Instead, the optical setup needs to be changed and two additional counter-propagating but not
retro-reĆected beams driving Bloch oscillations can be shined in on the same axis aligned only
slightly tilted to the double Bragg diffraction beam. In that way, the setup can be modiĄed
without removing the original optics used for double Bragg diffraction and keep this axis for the
manipulation. The following list of topics summarizes the most interesting aspects:

• Atom-chip gravimeter with unprecedented resolution in a 1 cm3 volume. To
further improve on the scaling factor and the intrinsic sensitivities, especially the application
of higher-order Bragg diffraction with enhanced contrast seems feasible, when cloud size
and beam curvature are reduced. Additionally, longer free-fall times can be accessed if the
relaunch is performed below the detection region.

• Pushing the record in momentum transfer towards thousand photon recoils.
Combining the relaunch with the horizontal beam splitter grants more time for Bloch
oscillations and thus increasing the momentum transfer in an atom interferometer.

• Novel interferometer geometries. Moreover, with relaunch and beam splitter in two
dimensions novel geometries can be spanned, which enable different inertial measurements.
For example a butterĆy geometry can be realized which is sensitive to rotations but not to
gravity [320]. With geometries tailored to different phase shift terms, multi-axis sensing
can be performed independently from the orientation of a device.

• Improved estimations of systematic uncertainties. With sensor fusion concepts the
seismic noise can be decreased by correlation of the atom interferometer to a classical
seismic sensor. Afterwards, the uncertainties due to wave front distortions can be studied
using spatial imaging techniques and the inĆuence of light shifts on higher orders.

• Novel lattice based manipulation techniques. In the current setup there are already
two axes to perform lattice manipulation and explore lattice based physics in one or more
dimensions. This includes effects connected to Landau-Zener tunneling [370, 371], but also
the lattice may be used to perform guided atom interferometry to realize the proposal from
ref. [148], where atoms are manipulated and at the same time guided by an optical lattice.

• Study of surface related effects using an atom chip. The presented atom-chip setup
seems ideally suited to use the close proximity of atoms to the chip together with the
precise control of the relaunch for measurements of surface related effects [372]. Observable
physics include the measurement of short range forces like Casimir-Polder [373, 374] and
the search of dark energy over Chameleon forces [39], or to study quantum reĆections [375].
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List of Constants

Fundamental constants and properties of the D2-line of Rubidium-87 in ref. [174].

Fundamental constant Symbol CODATA 2006 recommended value

Speed of light 𝑐 2.997 924 58 ≤ 108 m/s (exact)

Permeability of vacuum Û0 4Þ ≤ 10⊗7 N/A2 (exact)

Permittivity of vacuum 𝜀0 8.854 187 817 ... ≤ 10⊗12 F/m

2Þ ≤ 1.054 571 628(53) ≤ 10⊗34 Js
Plancks quantum ℎ = 2Þℎ̄

2Þ ≤ 6.582 118 99(16) ≤ 10⊗16 eV≤s
9.274 009 15(23) ≤ 10⊗24 J/T

Bohr magneton ÛB
ℎ ≤ 1.399 624 604(35) MHz/G

Elementary charge 𝑒 1.602 176 487(40) ≤ 10⊗19 C

Bohr radius 𝑎0 0.529 177 208 59(36) ≤ 10⊗10 m

Boltzmanns constant 𝑘B 1.380 6504(24) ≤ 10⊗23 J/K

Atomic mass unit 𝑢 1.660 538 782(83) ≤ 10⊗27 kg

D2-line properties Symbol Value

Mass of Rubidium-87 𝑚87 1.443 160 60(11) ≤ 10⊗25 kg

Clock shift ∆æclock/𝐵2 2Þ ≤ 575.15 Hz/G2

Wavelength Ú 780.241 209 683(13) nm

Frequency æ 2Þ ≤ 384.230 484 468 5(62) THz

Wavenumber 𝑘 2Þ ≤ 12 816.549 389 93(21) cm⊗1

Natural linewidth 𝛤 2Þ ≤ 6.065(9) MHz

Saturation intensity 𝐼𝑠𝑎𝑡 1.666 mW/cm2

Lifetime á 26.2348(77) ns

HyperĄne splitting æ𝑒𝑔 2Þ ≤ 6.834 682 610 904 29(9) GHz

Recoil frequency æ𝑟 2Þ ≤ 3.7710 kHz

Recoil velocity 𝑣𝑟 5.8845 mm/s

Doppler shift æ0 2Þ ≤ 7.5419 kHz

Gravity at ZARM [284] 𝑔ref (9.81327 ∘ 0.00002) m
s2
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52P3/2

52S1/2

780.241 209 686(13) nm
384.230 484 5(62) THz

12 816.549 389 93(21) cm-1

1.589 049 462(38) eV

193.7407(46) MHz

229.8518(56) MHz

302.0738(88) MHz

72.9112(32) MHz

F = 2

F = 1

F = 0

266.6500(90) MHz

156.9470(70) MHz

72.2180(40) MHz

𝑔F = 2/3
(0.93 MHz/G)

F = 3

𝑔F = 2/3
(0.93 MHz/G)

𝑔F = 2/3
(0.93 MHz/G)

4.271 676 631 815 181(56) GHz

2.563 005 979 089 109(34) GHz

𝑔F = 1/2
(-0.70 MHz/G)

F = 1

𝑔F = 1/2
(0.70 MHz/G)

F = 2

6.834 682 610 904 290(90) GHz

Level scheme of the Rubidium-87 D2-line adapted from ref. [174].
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