Hannover 2016 — Q

Tuesday

Q 27: Poster: Quantum Optics and Photonics Il

Time: Tuesday 16:30-19:00

Q 27.1 Tue 16:30 Empore Lichthof
Nonthermal Fixed Points and Superfluid Turbulence in Ul-

tracold Bose Gases — HaLiL Caxir!, STeraNIE CziscHEK!,
oMarkus KarrLb2, Eike Nickras!, THomas Gasenzer!:2, and
Markus K. OBerTHALER! — !Kirchhoff-Institut fiir Physik,

Ruprecht-Karls-Universitat Heidelberg, Im Neuenheimer Feld 227,
69120 Heidelberg — 2Institut fiir Theoretische Physik, Ruprecht-
Karls-Universitdt Heidelberg, Philosophenweg 16, 69120 Heidelberg

Ultracold quantum gases provide various means to probe universal
many-body dynamics far from equilibrium. Here, we focus on the
non-linear dynamical evolution induced in an ultra cold Bose gas by a
sudden initial parameter quench. Considering one- or multi-component
(spin) systems, various types of spatial and wavenumber- space pat-
terns emerge, being characterized by universal scaling functions associ-
ated with non-thermal fixed points. Such fixed points can be observed
in existing experiments and are closely related to quantum turbulence
usually discussed in systems of more than one spatial dimension. While
these situations are associated with quenches to a symmetry-broken
state, quenches within the symmetric phase offer a way to probe the
properties of universal dynamics similar to those near a quantum crit-
ical point in equilibrium. Scaling properties have been found which
indicate the importance of pre-thermalisation temperatures long be-
fore dephasing has occurred in the nearly gapless system. We discuss
the theoretical results in the light of and illustrated by recent experi-
mental measurements.

Q 27.2 Tue 16:30 Empore Lichthof
Strong-wave-turbulence character of non-thermal fixed
points in Bose gases — eIsara CHanTEsaNAl'23 and Thowmas
GASENZER23 — lInstitut fiir Theoretische Physik, Ruprecht-Karls-
Universitdt Heidelberg, Philosophenweg 16, 69120 Heidelberg, Ger-
many — 2Kirchhoff Institut fiir Physik, INF 227, 69120 Heidelberg,
Germany — 3ExtreMe Matter Institute EMMI, GSI Helmholtzzen-
trum fiir Schwerionenforschung GmbH, Planckstrafe 1, 64291 Darm-
stadt, Germany

Far-from equilibrium dynamics of a dilute Bose gas is studied by means
of the two-particle irreducible effective action formalism. We investi-
gate the properties of non-thermal fixed points predicted previously,
which are related to non-perturbative strong wave turbulence solu-
tions of the many-body dynamic equations. Instead of using a scaling
analysis, we study the Boltzmann equation of the scattering integral
by means of direct integration equation for sound waves. In this way
we obtain a direct prediction of the scaling behaviour of the possible
fixed-point solutions in the context of sound-wave turbulence. Impli-
cation for the real-time dynamics of the non-equilibrium system are
discussed.

Q 27.3 Tue 16:30 Empore Lichthof
Engineering scaling laws: What to learn from driven quan-
tum turbulence — eFaBiAN Brock!3, Markus Karr!:2:3 and
TrOoMAS GASENZER?3 — lInstitut fiir Theoretische Physik, Ruprecht-
Karls-Universitdt Heidelberg, Philosophenweg 16, 69120 Heidelberg,
Germany — 2ExtreMe Matter Institute EMMI, GSI Helmholtzzen-
trum fiir Schwerionenforschung GmbH, Planckstrafe 1, 64291 Darm-
stadt, Germany — 3Kirchhoff-Institut fiir Physik, INF 227, 69120 Hei-
delberg, Germany

We investigate the long-standing issue of driven quantum turbulence
in a Bose-Einstein condensate from a new perspective. Having the
recently developed concept of non-thermal fixed points in mind, we
study the response of a Bose gas in two spatial dimensions to a power-
law shaped stochastic driving force. Two classes of non-equilibrium
steady states are found, depending on the ability of the system to form
quantum vortices. We show that, if vortex formation is suppressed, a
turbulent steady state with a freely adjustable scaling law in the en-
ergy distribution emerges. We present numerical evidence that the
driven-dissipative Bose gas is then part of the Kardar-Parisi-Zhang
dynamic universality class. On the other hand, if vortex proliferation
is allowed, a completely different scenario applies where the system is,
irrespective of the driving force, attracted by one universal fixed point.

Q 27.4 Tue 16:30 Empore Lichthof

Far from equilibrium integrable systems — oSEBASTIAN

Location: Empore Lichthof

ErneL24 THoMAS ScHWEIGLER?, BERNHARD RAUER?, VALENTIN
KaspPer!, Tim LaNGEN?, JORGEN BERGES!, THOMAS GASENZER!:2:3,
and JOrRG ScuHMIEDMAYER? — lnstitut fiir Theoretische Physik,

Ruprecht-Karls-Universitat Heidelberg, Philosophenweg 16, 69120
Heidelberg, Germany — 2ExtreMe Matter Institute EMMI, GSI
Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstrafe 1,
64291 Darmstadt, Germany — 3Kirchhoff-Institut fiir Physik, INF
227, 69120 Heidelberg, Germany — 4Vienna Center for Quantum Sci-
ence and Technology (VCQ), Atominstitut, TU Wien, Vienna, Austria

Relaxation of far-from equilibrium integrable systems is to date an
open and interesting question. Recent progress in cold atom experi-
ments in low dimensional systems, allow for a detailed study of inte-
grable field theories. Specifically we consider a system of linearly cou-
pled quasi one-dimensional condensates, realizing the quantum sine-
Gordon and Lieb-Liniger theories. By studying quenches in the mass
of the sine-Gordon model, we are able to explore fundamental questions
of quantum physics. In particular we investigate prethermalization and
the Generalized Gibbs Ensemble, higher order correlations and their
factorization properties in and out of equilibrium, dynamics and decay
of topological excitations and false vacua, quantum many body re-
vivals, and tomography of quasiparticle. We compare the experiment
to analytical and numerical results, for the latter using the (stochastic)
Gross-Pitaevskii equations as well as Monte-Carlo simulations.

Q 27.5 Tue 16:30 Empore Lichthof
Studying spin-dynamics in one dimension with BECs —
eMAXIMILIAN PRUFER, PHILIPP KUNKEL, DANIEL LINNEMANN, HEL-
MUT STROBEL, WOLFGANG MTUsSEL, CHRISTIAN-MARCEL SCHMIED,
THomAas GaseNzER, and Markus K. OBERTHALER — Kirchhoff-
Institut fiir Physik, Im Neuenheimer Feld 227, 69120 Heidelberg

We use spin-changing collisions in 8"Rb as a experimentally precisely
controllable method to couple the external and internal degrees of free-
dom. This non-linear process is investigated in a quasi one-dimensional
trap geometry.

We discuss our experimental setup to investigate spatial correlations
arising in the course of spin-mixing. We first characterise the micro-
scopic process, which creates atom pairs with opposite momenta. For
this the experimental techniques in controlling this non-linear mecha-
nism are presented. Going into a parameter regime where many mo-
mentum modes are accessible, we detail the use of correlation functions
to extract the arising spatial structures. Remarkably, we find general
features independent of our initial preparation, which are compared to
simulations based on the truncated Wigner approximation.

Q 27.6 Tue 16:30 Empore Lichthof
Heating rates of interacting Bosons in shaken optical lat-
tices — JakoB Nicerl2, eMarriN REeITTER!'2, LUucia Ducal:?,
Tracy Li'2, MonNika ScHLEIER-SMITH?, IMMANUEL Brocu!»2, and
ULRICH SCHNEIDER® — !Ludwig-Maximilians-Universitat Miinchen,
Schellingstr. 4, 80687 Miinchen — 2Max-Planck-Institut fiir Quan-
tenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching — 3 University
of Cambridge, Cambridge, UK — “Stanford University, Stanford, CA
94305, Vereinigte Staaten

Periodically driven systems have been successfully used to implement
topological band structures with non-zero Chern numbers for non-
interacting neutral particles. The extent to which the engineered topo-
logical properties survive in the presence of interactions, and which
many-body phases result, remains however a largely open question.
In order to experimentally control the interactions, and to study the
resulting many-body physics, we prepare a BEC of 39K which has an
accessible Feshbach resonance. By tuning the interactions as well as
the driving strengths and frequencies, we can systematically explore
the non-equilibrium dynamics in a shaken 1D lattice as well as in a
shaken honeycomb lattice. We will present the current status as well
as future prospects of the experiment.

Q 27.7 Tue 16:30 Empore Lichthof

Rydberg Excitation and Many-Body Localization in a Two-
Dimensional Quantum Gas — SeBasTIAN HiLD!, JOHANNES

Zrmer!, eAnTONIO RuBlo ABADAL!, SiMon HoLLERITH!, JAE-
1,2 and CHRis-

Yoon Cuot!, Tarik YEFsan!, IMMANUEL BLocH
TIAN Gross! — 1Max-Planck-Institut fiir Quantenoptik, Hans-
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Kopfermann-Strafe 1, 85748 Garching, Germany — 2Fakultét fiir
Physik, Ludwig-Maximilians-Universitat Miinchen, Schellingstrafie 4,
80799 Miinchen, Germany

Ultracold atoms in optical lattices provide an ideal testbed for the
study of strongly correlated many-body systems. The detection and
manipulation of single atoms in two-dimensional optical lattices offer
a versatile toolbox to investigate condensed matter models. In our
setup we are capable of such control and local detection at the single-
atom level by fluorescence-imaging of a two-dimensional bosonic gas
of Rubidium-87. In recent work we have investigated Rydberg gases,
which feature strong van der Waals interactions and can be used for the
study of strongly correlated long-range many-body systems. This has
allowed us to observe crystalline states and to microscopically char-
acterize Rydberg superatoms, as well as to detect spin correlations
induced by Rydberg-dressed interactions. We have also explored the
localization transition occurring in a disordered interacting bosonic
system in two dimensions, in which a for large enough disorder strength
non-thermal states prevail. To this end we prepare a highly-excited
Mott insulator state and study its thermalization in the presence of a
random disorder potential.

Q 27.8 Tue 16:30 Empore Lichthof
Excitations of a Bose—Einstein condensate with angular spin—
orbit coupling — eIvana Vasi¢é and ANTUN BaLaz — Scientific
Computing Laboratory, Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

A theoretical model of a Bose—Einstein condensate with angular spin—
orbit coupling has been recently introduced and it has been established
that a half-skyrmion configuration represents the ground state in a
certain regime of spin—orbit coupling and interaction. We investigate
low-lying excitations of this phase by using the method of Bogoliubov
and simulations of the time—dependent Gross—Pitaevskii equation. We
find that a sudden shift of the trap bottom results in a complex motion
of the center—of-mass of the system in the x—y plane that is markedly
different from a response of a competing phase. This behaviour of the
half-skyrmion phase comprises a low—frequency interaction—-dependent
oscillation as well as a high—frequency contribution. Moreover, the
breathing mode frequency of the half-skyrmion is set by the spin-orbit
coupling and interaction strength, while it takes a universal value in
the competing state.

Q 27.9 Tue 16:30 Empore Lichthof
Observation of a superradiant Mott insulator in the Dicke-
Hubbard model — eCHRisToPH GEORGES, HANs KESSLER, JENS
KLINDER, JOosE VARcas, and ANDREAS HEMMERICH — Institut fiir
Laserphysik, Universitat Hamburg, Luruper Chaussee 149, D-22761
Hamburg, Germany

It is well known that the bosonic Hubbard model possesses a Mott
insulator phase. Likewise, it is known that the Dicke model exhibits a
self-organized superradiant phase. By implementing an optical lattice
inside of a high finesse optical cavity both models are merged such
that an extended Hubbard model with cavity-mediated infinite range
interactions arises. In addition to a normal superfluid phase, two su-
perradiant phases are found, one of them coherent and hence superfluid
and one incoherent Mott insulating [1].

[1] J. Klinder et al., arXiv:1511.00850

Q 27.10 Tue 16:30 Empore Lichthof
Direct Observation of Chiral Superfluid Order — eCaRrL Hipr-
PLER, THORGE Kock, HANNEs WINTER, and ANDREAS HEMMERICH
— Universitdt Hamburg

The overall goal of our experiment is to explore ultracold bosonic quan-
tum gases in excited bands of an optical lattice. We investigate Rb-87
atoms in a bipartite interferometric lattice allowing us to change the
lattice geometry dynamically. We observe the formation of a chiral
superfluid order, arising from the interplay between the contact inter-
action of the atoms on each lattice site and the degeneracy of the p
orbitals in the second Bloch band. A periodic pattern of locally alter-
nating orbital currents and circular currents establishes in the lattice,
time-reversal symmetry being spontaneously broken. We report on a
technique that lets us directly observe the phase properties of the su-
perfluid order parameter. Here, two independent atomic samples are
produced in the second band at well separated spatial regions of the
lattice and subsequently brought to interference.

Q 27.11 Tue 16:30 Empore Lichthof

Laser using narrow band intercombination line of Calcium
— HannEs WINTER, ¢ TORBEN LASKE, and ANDREAS HEMMERICH —
Institut fiir Laserphysik, Hamburg

We present our setup for realizing a superradiant laser [1] similar to
the proposal to [2] using the narrow Calcium intercombination line
418y <+ 43P as the laser transition. Such a laser operates in the bad-
cavity regime, in which the coherence is not stored in the intra cavity
light field but in the gain medium. The ultracold Calcium atoms are
trapped in the Lamb-Dicke regime by a one dimensional intra cav-
ity lattice to control the Doppler effect. Unlike conventional lasers,
the expected frequency stability of this light source is not limited by
mechanical fluctuations of the cavity length, which yields important
implications for applications like time metrology.

[1] M. Holland and J. Thompson et al. Nature, 484(7392):78-81,
(2012). [2] M. Holland et al., Phys. Rev. Lett. 102(16):163601,
(2009).

Q 27.12 Tue 16:30 Empore Lichthof
Towards an experimental realization of a periodic quan-
tum Rabi model with ultracold atoms — SiMONE FELICETTI?,
ENrIQUE Ricob2?, CarrLos Sapin3, eTiLL OCKENFELS?, MARTIN
LepEr?, CHRISTOPHER GROSSERT?, MARTIN WEITZ?, and ENRIQUE
SorLanob2 — IDepartment of Physical Chemistry, University of
the Basque Country UPV/EHU, Bilbao, Spain — 2IKERBASQUE,
Basque Foundation for Science, Bilbao, Spain — 3Instituto de Fisica
Fundamental, CSIC, Madrid, Spain — “Institut fiir Angewandte

Physik, Universitdt Bonn, Bonn

The quantum Rabi model [1,2,3] describes the interaction between a
two-level quantum system and a single bosonic mode. Whereas the
regime of ultra-strong coupling (USC) has just been recently investi-
gated, and an experimental realization of the quantum Rabi model in
the deep strong coupling (DSC) regime has so far been absent. We
propose a setup to perform a full quantum simulation of the quantum
Rabi model regarding an effective two-level quantum system, provided
by the occupation of Bloch bands by ultra-cold atoms in tailored op-
tical lattices [4], interacting with a quantum harmonic oscillator im-
plemented with an optical dipole trap. This setup will enable us to
study the crossover between USC and DSC regimes, where a pattern
of collapse and revival is predicted.

[1] L.I. Rabi, Phys. Rev 49, 324 (1936).

[2] D. Braak, Phys. Rev. Lett. 107, 100401 (2011).

[3] J. Casanova et al., Phys. Rev. Lett. 105, 263603 (2010).

[4] T. Salger et al., Phys. Rev. Lett. 107, 240401 (2011).

Q 27.13 Tue 16:30 Empore Lichthof
First order coherence of an ideal Bose gas of light —
eTonias Damm!, Jurian Scumirr!, Davip Dung!, CHRISTIAN
WanL!, FRaNK VEWINGER!, JAN KLAERS!'2, and MARTIN WEITZ! —
Hnstitute of Applied Physics, University of Bonn — 2Present address:

Institute for Quantum Electronics, ETH Ziirich

Bose-Einstein condensation in the gaseous regime has been oberseved
with cold atoms, exciton-polaritons and more recently with photons in
a dye-filled optical microcavity. The latter system is thermally equili-
brated both below and above criticality due to repeated absortion and
re-emission processes of the dye molecules.

In this work we report on the measurements of the first order coher-
ence of the photon gas confined in a dye-filled optical microcavity below
as well as above the phase transition to a photon condensate. Tun-
able Michelson and Mach-Zehnder interferometers are used to split up
and recombine the cavity emission to obtain temporal and spatial co-
herence information respectively. The observed coherence times range
from sub-picoseconds for noncritical system sizes up to microseconds
for condensed systems. While below criticality the coherence length is
in the micrometer regime, above criticality phase coherence is estab-
lished macroscopically over the whole mode volume.

Q 27.14 Tue 16:30 Empore Lichthof
Microstructuring of Trapping Potentials for Coupled Photon
Condensates — oCHRISTIAN KURTscHEID!, Erik BusLEy!, Davip
Duncg!, Tosias Damm!, JuLian ScamiTT!, FRANK VEWINGER', JAN
KrArs?, and MarTIN WEITz! — !Institut fiir Angewandte Physik,
Universitit Bonn — 2Institut fiir Quantenelektronik, ETH Ziirich

We present recent work on multiple coupled photon condensates in a
single optical microcavity. Unlike Bose-Einstein condensates of dilute
atomic gases, the realization of a photon condensate is not feasible us-
ing a blackbody radiator by cooling, because the photons then simply
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vanish in the system walls. In recent work we have realized Bose-
Einstein condensation of photons in a dye-filled optical microcavity at
room temperature. The dye-solution acts both as a heat bath and
particle reservoir for the the trapped photon gas. Thermal contact to
the dye-solution is achieved by subsequent absorption and reemission
processes. The microresonator introduces a low frequency cutoff to
the dispersion relation, resulting in a non-trivial ground state. The
harmonically trapped photon gas is formally equivalent to a 2D gas
of massive bosons. We present measurements on photon tunneling
between lattice sites and their creation with the polymer. New ap-
proaches of cavity pumping are presented. Further, in a more recent
approach we have developed a permanent microstructuring technique
to create variable trapping potentials for the photon gas in the micro-
cavity.

Q 27.15 Tue 16:30 Empore Lichthof
Microscopic Model of Photon Condensation — eMiLAN
Raponiéh2, WassiLiy Kopyrov3, Tosias BRANDEsS®, ANTUN
BaLaz?, and AXEL PreLsTER* — !Faculty of Physics, University of
Vienna, Austria — 2Institute of Physics Belgrade, University of Bel-
grade, Serbia — 3Institute for Theoretical Physics, Technische Univer-
sitit Berlin, Germany — “Physics Department and Research Center
OPTIMAS, Technische Universitiat Kaiserslautern, Germany

Effectively a two-dimensional photon gas in an optical microcavity
filled with dye solution features Bose-Einstein condensation. This has
first been experimentally demonstrated in Bonn [1] as well as recently
in London [2], and can be theoretically understood within the frame-
work of a non-equilibrium description [3,4]. We critically analyze and
extend the latter description by including coherent coupling between
microcavity photons and dye molecules, influenced by the solvent, in
addition to a dissipative coupling that leads to thermalization. Our
preliminary results indicate that strong interaction of the dye and the
solvent favors the thermalization and makes possible Bose-Einstein
condensation of photons, while weak solvent influence promotes the
coherent dynamics and enables formation of a laser-like state.

[1] J. Klaers, J. Schmitt, F. Vewinger, and M. Weitz, Nature (London)
468, 545 (2010)

[2] J. Marelic and R. A. Nyman, Phys. Rev. A 91, 033813 (2015)

[3] P. Kirton and J. Keeling, Phys. Rev. Lett. 111, 100404 (2013)

[4] P. Kirton and J. Keeling, Phys. Rev. A 91, 033826 (2015)

Q 27.16 Tue 16:30 Empore Lichthof
Hard-Core Bosons in Lattices with Intermediate Geometries
Between Quadratic and Triangular — eMaTtnias May! and AXEL
PELSTER? — !Physics Department, Freie Universitét Berlin, Germany
— 2Physics Department and Research Center OPTIMAS, Technische
Universitat Kaiserslautern, Germany

The extended Bose-Hubbard model has recently been realized on a
quadratic lattice utilizing magnetic dipolar '®Er atoms [1]. This mo-
tivated us to perform a Gutzwiller mean-field analysis of hard-core
bosons in two-dimensional lattices, which continuously interpolate be-
tween the non-frustrated quadratic and the frustrated triangular case
[2,3]. In particular at negative hopping we find interesting new su-
persolid phases, which do not exist in either of these limiting cases
and combine the checkerboard symmetry known from the quadratic
lattice with the honeycomb pattern known from the triangular lattice.
For instance, there is a supersolid phase, in which the phases of the
condensate order parameters form a checkerboard pattern and at the
same time the densities fulfill a honeycomb symmetry.

[1] S. Baier, M. J. Mark, D. Petter, K. Aikawa, L. Chomaz, Z. Cai, M.
Baranov, P. Zoller, and F. Ferlaino, arXiv:1507.03500.

[2] D. Yamamoto, G. Marmorini, and I. Danshita, Phys. Rev. Lett.
112, 127203 (2014).

[3] D. Sellmann, X.-F. Zhang, and S. Eggert, Phys. Rev.
081104(R) (2015).

B 91,

Q 27.17 Tue 16:30 Empore Lichthof
Improved Ginzburg-Landau Theory for Bosons in Optical
Lattices via Degenerate Perturbation Theory — eMARTIN
KuBLER!, EDNILSON SANTOs?, and AxEL PELsTER! — !Physics De-
partment and Research Center OPTIMAS, Technische Universitdt
Kaiserslautern, Germany — 2Departamento de Fisica, Universidade
Federal de Sao Carlos, Brazil

Bosons in an optical lattice yield a paradigmatic quantum phase transi-
tion between a Mott insulator and a superfluid. Recently, a Ginzburg-
Landau theory for the underlying Bose-Hubbard model has been de-
veloped, which allows to determine the location of this quantum phase

transition quite accurately [1-3]. Here we extend the validity range of
this Ginzburg-Landau theory with the help of a degenerate perturba-
tion theory. This allows to study also harmonically confined optical
lattices, where a wedding cake structure of insulating Mott shells with
superfluid regions between the Mott shells emerge [4].

[1] F.E.A. dos Santos, and A. Pelster, Phys. Rev. A 79, 013614 (2009).
[2] B. Bradlyn, F.E.A. dos Santos, and A. Pelster, Phys. Rev. A 79,
013615 (2009).

[3] D. Hinrichs, A. Pelster, and M. Holthaus, Appl. Phys. B 113, 57
(2013).

[4] K. Mitra, C.J. Williams, and C.A.R. Sa de Melo, Phys. Rev. A
77, 033607 (2008).

Q 27.18 Tue 16:30 Empore Lichthof
Experimental realization of a Bose-Hubbard model with
cavity-mediated long-range interactions — eNISHANT DoGRA,
RENaTE LanpIiG, LoreENz HRUBY, MANUELE LANDINI, RAFAEL
MoTTL, ToBiAs DoNNER, and TiLMaN EssLINGER — HPF D4, Quan-
tum Optics Group, Institute for Quantum Electronics, ETH Zurich,
Otto-Stern-Weg-1, Zurich, Switzerland-8093

We experimentally investigate an extended Bose-Hubbard model with
cavity-mediated long-range interactions using an ultracold atomic gas.
The long-range interactions are generated by coupling a BEC to the
single mode of a high-finesse cavity and pumping it with a transverse
laser-field. The competition among three energy scales- tunnelling,
short-range interactions and long-range interactions gives rise to a rich
phase diagram consisting of four different phases - a superfluid, a su-
persolid, a Mott insulator and a charge density wave. Moreover, we
study the transition between the two insulating phases - charge den-
sity wave and Mott insulator - and observe a hysteretic behaviour. We
also investigate theoretically the various features of such an extended
Bose-Hubbard model using different mean-field approaches.

Q 27.19 Tue 16:30 Empore Lichthof
Coherent interaction of a Bose-Einstein condensate with two
crossed cavity modes — ePHILIP ZUPANCIC, JULIAN LEONARD, AN-
DREA MORALES, TiLMAN ESSLINGER, and ToBias DoNNER — ETH
Ziirich, Ziirich, Schweiz

Coupling a quantum gas to the field of a single high-finesse optical cav-
ity gives rise to interactions of infinite range between the atoms, which
can create a self-organized state when exceeding a critical strength. It
is desirable to tune range and directionality of these interactions, which
enables explorations of more complex self-organized states or quantum
soft matter physics, such as superfluid glasses and associative memory.
However, this requires extending the atom-photon interactions to mul-
tiple cavity modes.

We report on the realization of such an extended system, involving a
Bose-Einstein condensate coupled to two crossed cavities modes. This
already allows to spatially shape the interactions, leading to multiple
new crystalline phases, e.g. with hexagonal, triangular or stripe order.

Q 27.20 Tue 16:30 Empore Lichthof
Towards light induced 2D spin-orbit coupling for ultra-
cold neutral atoms — eSEBASTIAN BobDE, FELIx KOSEL, NACEUR
GaaLour, HoLGgeEr AHLERS, and ErRNST M. RaseL — Institut fiir
Quantenoptik Uni Hannover

Presentation of the experimental efforts we pursue towards engineering
a 2D spin-orbit-coupling [1] of a neutral Rubidium Bose-Einstein con-
densate (BEC). Using multiple Raman transitions to couple cyclically
three hyperfine Zeeman states of the atoms, an effective gauge field
is predicted to be created which resembles the one occurring in spin-
tronic systems [2]. Such an artificial interaction could be used to build
advanced solid state simulators with non-Abelian character in a versa-
tile cold-atom system. The first experimental steps realized to build a
BEC machine featuring a hybrid source concept [3] are presented.

[1] Y.-J. Lin et al., Nature (London) 471, 83-86 (2011).

[2] H. C. Koo et al., Science 325, 1515 (2009).

[3] Y.-J. Lin, et al., Phys. Rev. A 79, 063631 (2009)

Q 27.21 Tue 16:30 Empore Lichthof
Mode switching in bimodal lasers by varying the pump

power — oDANIEL VORBERG!, HEINRICH A.M. LEYMANN?,
2

Tuomas LeTTAU?, Caspar HoprManN®, AnNa Musiar®, CHRIs-
TIAN SCHNEIDER?, MARTIN KamP®, SveEN HOFLING®, ROLAND
KeTrzMmERIcKD 4, JAN WIERsIG?, STEPHAN REITZENSTEIN®, and AN-
pRE EckarpT! — Max-Planck-Institut fiir Physik komplexer Sys-

teme, Dresden — 2Otto-von-Guericke-Universitit Magdeburg, Insti-
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tut fiir Theoretische Physik — 3Technische Universitét Berlin, Institut
fiir Festkorperphysik — 4Technische Universitiat Dresden, Institut fiir
Theoretische Physik — ®Universitit Wiirzburg, Technische Physik

We investigate the switching of the lasing mode occurring in bimodal
lasers when varying the pump power. Starting from a birth-death
model we derive an analytic theory describing how many and which
modes are lasing and how strong the lasing modes are occupied. This
can be understood in the framework similar to that of the Bose selec-
tion [PRL 111, 240405 (2013)| and gives a new perspectives on mul-
timode lasing. Fitting the model to experimental data for quantum-
dot-based microlasers allows us to extract system parameters such as
the mode-coupling rates or the ratio of the two emission rates into
the cavity modes. Moreover, on the basis of the full photon statistics
obtained numerically within the birth-death model, we show that the
non-lasing modes exhibit strong (super-thermal) intensity fluctuations
g%(0) > 2 and anti-correlations g2,(0) < 1 emerge whenever a mode
starts or stops lasing.

Q 27.22 Tue 16:30 Empore Lichthof
Non-equilibrium dynamics of interacting Bosons in an optical
lattice — eJiaN Jiang, CHRISTIAN BaALs, BODHADITYA SANTRA,
RALF LaBouvig, and HErwic OTT — Research Center OPTIMAS
and Fachbereich Physik, Technische Universitit Kaiserslautern, 67663
Kaiserslautern, Germany

We study the non-equilibrium dynamics of ultracold Bose gases in
optical lattices. Using a scanning electron microscope, we prepare dif-
ferent experimental scenarios, which allow us to study unitary and
non-unitary time evolution. In a first experiment we characterize the
emerging steady-states of a driven-dissipative Josephson junction ar-
ray, realized with a BEC in a one-dimensional optical lattice. Fur-
thermore, we investigate the dynamics of the center of mass in a three
dimensional optical lattice. Therefore we instantaneously shift the po-
sition of the confining dipole trap after loading the atoms into the
periodic potential. Finally the atomic cloud is imaged with high reso-
lution using electron microscopy. In a third experiment we measure the
coherence of the matter-wave field in an optical lattice using near-field
interferometry.

Q 27.23 Tue 16:30 Empore Lichthof
Time-periodic driving of a spin-dependent honeycomb lattice
— eToBias Krarka, CHrisTOPH OLSCHLAGER, MALTE WEINBERG,
JuLIETTE SiMONET, and Kraus SENGsTOock — Institut fiir Laser-
physik, Universitdt Hamburg
The presence of Dirac points in honeycomb lattice structures such as
graphene gives rise to many intriguing phenomena. For bosonic quan-
tum gases in spin-dependent optical lattices these Dirac cones can be
opened in a controlled manner by lifting the degeneracy of the diatomic
basis. However, the experimentally realized band structure reacts very
sensitively to stray magnetic fields.

Here we present an active compensation setup for dc- and ac-
magnetic fields attenuated below 1mG for frequencies up to 1kHz.
Such an improved control over the magnetic field permits new driving
schemes and thus the targeted engineering of exotic properties.

Q 27.24 Tue 16:30 Empore Lichthof
Numerical Simulation of BEC-impurity interaction — eToBIAS
Lauscu!, FaBiaN GruspT!»2:3, MicHAEL FLEIscHHAUERD'2, and AR-
TUR WIDERA! — 1TU Kaiserslautern and Forschungszentrum OPTI-
MAS, Erwin-Schroedinger-Strasse 46, 67663 Kaiserslautern, Germany
— 2Graduate School Materials Science in Mainz, Gottlieb-Daimler
Strasse 47, 67663 Kaiserslautern, Germany — 3Department of Physics,
Harvard University, Cambridge, Massachusetts 02138, USA

Cooling atoms to temperatures, where quantum effects become dom-
inant, has become a standard in cold atom experiments. Especially
interactions of quantum baths such as fermi gases and the implemen-
tation of impurities, which form fermi polarons, have been studied
theoretically and experimentally in detail. However, detailed experi-
ments on the bose polaron and the interaction between impurities and
a bose gas are still elusive.

We consider a model, where we immerse a single impurity into a
BEC, which is described by Bogoliubov approximation. From the mas-
ter equation, we derived the impurity’s momentum resolved scattering
and cooling dynamics for numerical simulations. Such cooling pro-
cesses should enable momentum resolved radio-frequency spectroscopy
of the BEC polaron.

Q 27.25 Tue 16:30 Empore Lichthof
Effects of noncondensed particles in BEC experiments —
oCHRISTIAN UFRECHT, ALBERT ROURA, and WOLFGANG SCHLEICH
— Institut fiir Quantenphysik, Universitdt Ulm, Albert-Einstein-Allee
11, 89081 Ulm

In recent years, matter-wave interferometry with Bose-Einstein con-
densates as a source of atomic clouds with very narrow momentum
distributions has become an important experimental technique. Un-
fortunately, theoretical models based on the Gross-Pitaevskii equation,
which is strictly valid only at T=0 and in the proper thermodynamic
limit, do not account for thermal and quantum depletion of the con-
densate mode. The existence of a cloud of noncondensed particles,
however, might for instance affect the contrast in interferometry ex-
periments in a non-negligible way, particularly in dynamical situations.
With the help of generalized equations which describe the coupling of
condensate and noncondensed cloud, we estimate this effect in situ-
ations far from equilibrium, such as the expansion from a suddenly
switched-off trap or delta-kick collimation.

Q 27.26 Tue 16:30 Empore Lichthof
Generation and Detection of Atomic Spin Entanglement in
Optical Lattices — Han-Nine Darl'23 eBine Yanc!:23 An-
DREAS REINGRUBER!"#, YU-Ao Cuex??2, ZHEN-SHENG YUaN2:31,
and Jian-WEr Pan?31 — 1Physikalisches Institut, Ruprecht-Karls-
Universitat Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg,
Germany — 2Hefei National Laboratory for Physical Sciences at Mi-
croscale and Department of Modern Physics, University of Science and
Technology of China, Hefei, Anhui 230026, China — 3CAS Centre for
Excellence and Synergetic Innovation Centre in Quantum Information
and Quantum Physics, University of Science and Technology of China,
Hefei, Anhui 230026, China — 4Department of Physics and Research
Center OPTIMAS, University of Kaiserslautern, ErwinSchroedinger-
Strasse, Building 46, 67663 Kaiserslautern, Germany

We report on the generation, manipulation and detection of atomic
spin entanglement in an optical superlattice. Spin entanglement of
the two atoms in the double wells of the superlattice is generated
via dynamical evolution governed by spin superexchange. By observ-
ing collisional atom loss with in-situ absorption imaging we measure
spin correlations of atoms inside the double wells and obtain the lower
boundary of entanglement fidelity as 0.79+0.06, and the violation of
a Bell’s inequality with S=2.21+0.08. The above results represent an
essential step towards scalable quantum computation with ultracold
atoms in optical lattices.

Q 27.27 Tue 16:30 Empore Lichthof
Many-body correlations in the spectrum of two-dimensional
Bose-Hubbard models — eDarius HorFMANN!, DaviD FiscHER!,
and SANDRO WiMBERGERD'2:3 — lInstitut fiir Theoretische Physik,
Universitit Heidelberg, 69120 Heidelberg, Germany — 2Dipartimento
di Fisica e Scienze della Terra, Universita di Parma, Via G. P. Usberti
7/a, 43124 Parma, Ttaly — 3INFN, Sezione di Milano Bicocca, Gruppo
Collegato di Parma, Italy

We present detailed results on two-dimensional Bose Hubbard mod-
els of finite sizes. Such systems are relevant for high-fidelity experi-
ments with ultracold quantum gases loaded into periodic lattice struc-
tures. Our analysis is based on the spectral characterization of two-
dimensional lattices with a variety of bonds and different boundary
conditions, representing different lattice geometries. In the limit of
maximally linked lattice clusters regular motion prevails, which is un-
derstood by the applicability of mean-field methods in these cases. On
the other hand, in standard lattices with less bonds, such as realized
in typical experiments, quantum chaotic behavior is found for a wide
range of parameters. Our analysis includes measures of spectral com-
plexity from Random-Matrix Theory (RMT), i.e. nearest neighbor
(gap) statistics and long-range spectral correlations, but also a new
measure recently introduced in the context of many-body localization
in isolated quantum systems. Implications for the temporal evolution
of two-dimensional interacting lattices gases are discussed as well.

Q 27.28 Tue 16:30 FEmpore Lichthof
Beam separation schemes in an ion interferometer for
the measurement of the electric Aharonov-Bohm effect —
e¢GEORG ScHUTZ, ALEXANDER REMBOLD, ANDREAS PoocH, HEN-
RIKE PROCHEL, and ALEXANDER STIBOR — Institute of Physics and
Center for Collective Quantum Phenomena in LISA™T, University of
Tibingen, Auf der Morgenstelle 15, 72076 Tiibingen
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We present the design and the current status in the construction of a
biprism interferometer for hydrogen and helium ions and propose an
experiment for the first proof of the type I electric Aharonov-Bohm
effect. The performances of three different beam separation schemes
are simulated and compared to experimental results for electrons. In
our proposed scheme, the coherent ion beam is generated by a single
atom tip (SAT) source and separated by either two biprisms with a
quadrupole lens, two biprisms with an einzel-lens or three biprisms.
The beam path separation is necessary to integrate two metal tubes
that can be pulsed with different electric potentials. The high time
resolution of a delay line detector allows working with a continuous
ion beam and circumventing the pulsed beam operation that was orig-
inally suggested by Aharonov and Bohm. We demonstrate that the
higher mass and therefore lower velocity of ions compared to electrons
combined with the high expected SAT ion emission puts the direct
proof of this quantum effect for the first time into reach of current
technical possibilities.

Q 27.29 Tue 16:30 Empore Lichthof
Correction of multifrequency dephasing in matter-wave in-
terferometry — ¢ ALEXANDER REMBOLD, GEORG SCHUTZ, ANDREAS
GUNTHER, and ALEXANDER STIBOR — Institute of Physics and Center
for Collective Quantum Phenomena in LISAT, University of Tiibingen,
Auf der Morgenstelle 15, 72076 Tiibingen

In various fundamental quantum mechanical experiments as well as in
technical applications it is essential to achieve high contrast matter-
wave interferograms. However, vibrations, electromagnetic oscillations
and temperature drifts often dephase the matter wave and reduce
the contrast. It complicates sensitive phase measurements such as
in Aharonov-Bohm physics and decoherence studies. In opposition to
decoherence, dephasing can in principle be reversed. Here we demon-
strate a method for the analysis and reduction of the influence of de-
phasing noise and perturbations consisting of several external frequen-
cies. Thereby, artificially perturbing oscillations are introduced in a
biprism electron interferometer. The technique uses the high spatial
and temporal resolution of a delay line detector to reveal and remove
dephasing perturbations by second order correlation analysis. We pro-
vide a full theoretical description of the particle correlations where the
significant parameters, such as the interference pattern periodicity and
the contrast can be extracted from the disturbed interferogram. The
method allows matter-wave experiments under perturbing laboratory
conditions in electron, atom, ion, neutron and molecule interferome-
ters. It decreases the efforts for shielding and vibrational or tempera-
ture stabilization and has applications in sensor technology.

Q 27.30 Tue 16:30 Empore Lichthof
Quantum reflection off periodically structured surfaces —
eToBiAs NITSCHKE, BENJAMIN A. STICKLER, and Kraus HORN-
BERGER — Fakultét fiir Physik, Universitiat Duisburg-Essen, Deutsch-
land

We present a theoretical study of quantum reflection, i.e. the classi-
cally forbidden reflection of matter waves from an attractive potential
[1], of polarizable point particles off periodically shaped surfaces. The
Casimir-Polder interaction between the particle and the surface allows
us to express the transmitted waves in terms of rotated WKB waves
close to the surface. Using them as boundary conditions, we formulate
the theory of quantum reflection and interference of matter waves from
arbitrarily shaped, periodic surface structures. The resulting diffrac-
tion pattern is obtained by numerically solving the Schrédinger equa-
tion.

[1] H. Friedrich, J. Trost: Working with WKB waves far from the
semi-classical limit, Phys. Rep. 397, 6 (2004)

Q 27.31 Tue 16:30 Empore Lichthof
Diffraction of biomolecules at nanomechanical gratings —
eCHRIsTIAN BrRAND!, CHRISTIAN KNOBLOCH!, BENJAMIN STICKLERZ,
LisaA WORNER!, MicHELE Scrarani'3, THomas JurFMaNND?, Y-

caL LiLace®, Orr CuesENovsky?, Kraus HORNBERGER?, and

MaRrkUS ARNDT! — lUniversity of Vienna, Faculty of Physics, Vi-
enna, Austria — 2University of Duisburg-Essen, Faculty of Physics,
Duisburg, Germany — S3ICFO - Institut de Ciénces Fotoniques,
Castelldefels (Barcelona), Spain — %The Center for Nanosciences and
Nanotechnology & School of Chemistry, Tel-Aviv University, Tel Aviv,

Israel — 5Stanford University, Physics Department, Stanford, USA

The high complexity of molecular matter-waves makes them very sen-
sitive to external perturbations originating, for instance, from electric
fields or single photons. These can be exploited to study internal prop-

erties of the molecules and differentiate between constitutional isomers
[1,2]. When material gratings are employed as diffracting elements in
these kinds of experiment, it is crucial to characterize the interaction
between the matter-wave and the beamsplitter very precisely. Here,
we study the diffraction of the biomolecule hypericin at nanomechan-
ical gratings. The observed partial decoherence of the matter-wave
is explained by the phase-averaging due to the interaction between
the permanent dipole moment and charges in the grating. This sets
constraints to matter-wave experiments with biomolecules.

[1] Eibenberger et al. Phys. Rev. Lett. 112, 250402 (2014)

[2] Tiixen et al. Chem. Comm. 46, 4145 (2010)

Q 27.32 Tue 16:30 Empore Lichthof
Time-domain interferometry with nanoparticles — eNADINE
DORRE, JoNAs RoDEWALD, PHILIPP GEYER, PHILIPP HASLINGER, and
MAarKUS ARNDT — Universitat Wien, VCQ, Wien, Austria

We present an optical matter-wave interferometer for clusters and com-
plex molecules that uses absorptive light gratings in combination with
Talbot-Lau interferometry in the time domain. In this setup, neutral
particles pass alongside a mirror that reflects three equally timed UV
lasers pulses. The resulting standing light waves act as absorptive
structures by removing particles from the antinodes upon absorption
of a single photon. In contrast to material absorptive masks, such
gratings allow to be operated in a pulsed mode, which makes the lon-
gitudinal motion of the particles negligible and thus brings gain in
visibility and measurement precision.

‘We discuss two depletion mechanisms in the laser gratings. Ioniza-
tion occurs for particles with ionization energies lower than the photon
energy and fragmentation dominates when two photons would be nec-
essary for ionization of van der Waals clusters. We show interference
with clusters of various organic molecules with masses up to 3000 u
that also serve as a motivation to explore cluster properties with time
domain metrology. The experiment is widely applicable in the sense
that it allows working with a large class of nanoparticles. It may
act on atoms, molecules but also giant clusters. We may, thus, set
new experimental bounds on collapse models that suggest a funda-
mental breakdown of quantum theory once a certain complexity scale
is reached.

Q 27.33 Tue 16:30 Empore Lichthof
Aberrations of atomic beam splitters — e ANTJE SCHREIBER and
REINHOLD WALSER — Institut fiir Angewandte Physik TU-Darmstadt,
Darmstadt, Germany

Atom interferometry provides the opportunity of high-precision mea-
surements of rotation and acceleration. Therefore atoms are the ulti-
mate sensors for inertial navigation, geological exploration and funda-
mental physics. In the QUANTUS free-fall experiments atom interfer-
ometry is the central method as well [1].

Like in optical systems all matter wave devices like traps, beam split-
ters and mirrors exhibit imperfections. For that reason it is necessary
to quantify the amount of aberrations that are caused by real devices.

In this contribution we focus on atomic beam splitters in three di-
mensions, using a quantum Monte Carlo simulation [2, 3]. We char-
acterize non-ideal behaviour due to the spatial variations of the laser
beam profiles, wave front curvatures and spontaneous emission. In
particular we will study the response of a beam splitter due to velocity
dispersion.

The theoretical concepts as well as first simulation results are shown
on our poster.

References:

[1] H. Miintinga et al., Phys. Rev. Lett. 110, 093602 (2013)
[2] R. Dum et al., Phys. Rev. A 45, 4879 (1992)

[3] K. Mglmer et al., J. Opt. Soc. Am. B 10, 524 (1993)

Q 27.34 Tue 16:30 Empore Lichthof
Matter wave optics with Bose-Einstein condensates — eJaN
TeskE and REINHOLD WALSER — Institut fiir Angewandte Physik,
Technische Universitiat Darmstadt, Hochschulstrafie 4A, Darmstadt D-
64289, Germany

Freely expanding Bose-Einstein condensates in weightlessness is the
central research topic of the QUANTUS experiments. These exper-
iments are performed at the drop tower in Bremen (ZARM). Ultra
cold atoms can be used as precise quantum sensors for acceleration
and rotations. Expansion times of many seconds can be reached and
lead to macroscopic systems sizes [1,2]. In the present contribution we
perform realistic simulation in time and three spatial dimensions of the
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Gross-Pitaevskii equation. In particular we study long time expansion
as well as delta kick cooling with realistic magnetic chip trap poten-
tials. We will study the effect of self interaction as well as aberration
caused by anharmonic chip trap potentials.

[1] van Zoest et al. Bose-Einstein condensation in Microgravity. Sci-
ence, 328, 1540 (2010).

[2] G. Nandi, R. Walser, E. Kajari, and W. P. Schleich. Dropping cold
quantum gases on earth over long times and large distances. Phys.
Rev. A, 76, 063617 (2007).

Q 27.35 Tue 16:30 Empore Lichthof
QUANTUS-2 - towards a dual species matter wave
interferometer in free fall — eCHRISTOPH GRZESCHIK!,
Markus Krutzik!, AcuiM PeTErRs!2, and THE QUANTUS
Teamb2:3:4:5.6.7 _ 1nstitut fiir Physik, Humboldt-Universitit zu
Berlin — 2Ferdinand-Braun-Institut, Leibniz-Institut fiir Hochstfre-
quenztechnik, Berlin — 3Institut fiir Quantenoptik, Leibniz Uni-
versitat Hannover — 4ZARM, Universitit Bremen — ®Institut fiir
Physik, Johannes Gutenberg Universitit Mainz — SInstitut fiir Quan-
tenphysik, Universitat Ulm — 7Institut fiir angewandte Physik, TU
Darmstadt

QUANTUS-2 is a mobile high-flux Rb-87 BEC source used for exper-
iments in microgravity in the Bremen drop tower. To further decrease
the residual expansion rate of the BEC, magnetic lensing - also known
as delta-kick cooling - is crucial for observations after long evolution
times in the range of seconds. Here we present our results of a lens,
which leads to an observability of the BEC of up to 2.7 s after free ex-
pansion, only limited by the microgravity-duration in the drop tower.
Anharmonicities of the magnetic lensing potential can introduce dis-
tortions of the BEC’s shape. We discuss the neccessary steps towards
harmonic lensing and report our results. This will - in the future - allow
us to demonstrate atom interferometry with unprecedented sensitivity
on time scales on the order of seconds.

The QUANTUS project is supported by the German Space Agency
DLR with funds provided by the Federal Ministry for Economic Affairs
and Energy (BMWi) under grant number DLR 50WM1553.

Q 27.36 Tue 16:30 Empore Lichthof
Functional Truncated Wigner Method and Beyond: Theory
for Many-Body Scattering of Interacting Bosons Through
Mesoscopic Cavities — eJoser MicHL, FABIAN STOGER, JUAN-
Dieco UrpiNa, and Kraus RicHTER — Institut fiir Theoretische
Physik, Universitat Regensburg, 93040 Regensburg, Germany

We report our progress in constructing a theory for mesoscopic scat-
tering of identical particles through open chaotic cavities suitable for
studying the interplay between three physical effects: universality of
single-particle transport, many-body correlations due to quantum in-
distinguishability, and the presence of interparticle interactions.

Already at the level of non-interacting particles, indistinguishabil-
ity alone produces non-trivial combinations of single-particle scatter-
ing matrices in the transport of many particles through mesoscopic
chaotic cavities[1], which result in a mesoscopic version of the Hong-
Ou-Mandel effect known from quantum optics[2]. Going beyond non-
interacting systems, the study of interaction effects requires a proper
choice of the underlying single-particle basis for the Fock space. We
show, that in the basis of single-particle scattering states, the many-
body Hamiltonian takes a universal form for open chaotic cavities,
which is ready to be used in the non-perturbative framework of a
functional truncated Wigner approximation. We present analytical
and numerical results for this method, as well as how to go beyond the
truncated Wigner approximation.

[1] J. D. Urbina et al., arXiv:1409.1558v1

[2] Hong, C. K., Ou, Z. Y., Mandel, L., PRL 18, 2044 (1987)

Q 27.37 Tue 16:30 Empore Lichthof
The role of initial conditions in measurements with open
atom interferometers — eWOLFGANG ZELLER!, ALBERT ROURA!,
WoLrcang P. Scureica!, and THE QUANTUS TEAM1:2:3,4,5,6,7,8
— Mnstitut fiir Quantenphysik, Universitat Ulm — 2Institut fiir Quan-
tenoptik, LU Hannover — 3ZARM, Universitit Bremen — “Institut
fiir Physik, HU Berlin — ®Institut fiir Physik, JGU Mainz — SInstitut
fiir angewandte Physik, TU Darmstadt — "MUARC, University of
Birmingham, UK — 8Lab. Kastler Brossel, E. N. S., France

In the last 25 years light-pulse atom interferometers have opened a
new route to high-precision measurements of fundamental constants,
inertial sensing and gravimetry. In particular, differential measure-
ments with two species can test the universality of free fall (UFF)

with quantum objects and offer a valuable complement to classical
tests. In the presence of gravity gradients or rotations the interfer-
ence signal depends on the central position and momentum of the ini-
tial atomic wave packet. In UFF tests, this can mimic a violation and
is known as the co-location problem. In our contribution, we exploit
the formalism developed in [1,2] to cast light on such a dependence on
the initial conditions from the point of view of open interferometers.
This insight helps to find suitable strategies to significantly relax the
co-location problem.

The QUANTUS project is supported by the German Space Agency
DLR with funds provided by the Federal Ministry of Economics and
Energy (BMWi) under grant number 50WM1556.

[1] Roura, Zeller and Schleich, New J. Phys. 16, 123012 (2014).
[2] Zeller, Roura and Schleich, in preparation.

Q 27.38 Tue 16:30 Empore Lichthof
Sub-Shot-Noise Regime in Light-Pulse Atom Interferometry
— oSTEPHAN KLEINERT, WoLFGANG P. ScuLEICH, and THE QUAN-
TUS Team — Institut fiir Quantenphysik and Center for Integrated
Quantum Science and Technology (IQST), Universitit Ulm

Entanglement as a key feature of quantum mechanics is an useful re-
source in quantum information as well as in quantum metrology. In
particular, entanglement in high-precision measurements is used to en-
hance the phase sensitivity of interferometer devices. The implemen-
tation of quantum correlated atoms for instance opens the possibility
of beating the (classical) standard quantum limit.

The representation-free description of light-pulse atom interfer-
ometry [1] provides a general theoretical framework for arbitrary
interferometer geometries in the presence of external potentials and
non-inertial forces. Here, we generalize this representation-free ap-
proach in order to describe efficiently many-particle entanglement in
light-pulse atom interferometers and thus operate beyond the shot-
noise limit.

The QUANTUS project is supported by the German Space Agency
(DLR) with funds provided by the Federal Ministry of Economics and
Energy (BMWi) under grant number 50WM1556.

[1] S. Kleinert, et al., Representation-free description of light-pulse
atom interferometry including non-inertial effects, Physics Reports
(2015).

Q 27.39 Tue 16:30 Empore Lichthof
Atom interferometry with ultracold thermal clouds and real-
istic laser pulses — eJENS JENEWEIN, ALBERT RoURA, WOLFGANG
P. ScuLEicH, and THE QUANTUS TeEaM — Institut fiir Quanten-
physik, Universitdat Ulm
Our work concerns a real-time simulation of atom interferometry with
symmetric and asymmetric pulse separations using a Mach-Zehnder
scheme. Short times are useful for modelling experiments performed
on ground and long times for extrapolating those results to experi-
ments in microgravity. We use realistic, non-idealized pulses that in-
duce Bragg diffraction leading to discrete momentum jumps. Velocity
selectivity effects and excitations of off-resonant diffraction orders are
also taken into account. This approach is employed to investigate the
expected sensitivity in interferometry measurements, which is propor-
tional to the contrast C' and the square root of the atom number N.
Techniques such as evaporative cooling lead to an increase of C but
lower N. One can try to enhance the sensitivity by stopping the evap-
orative cooling before reaching quantum degeneracy to have a higher
atom number. Delta-Kick-Collimation techniques are then necessary
to mitigate the increase in momentum width and the associated loss
of contrast due to velocity selectivity effects. Our goal is to determine
the highest sensitivity achievable taking into account these competing
effects.

The QUANTUS project is supported by the German Space Agency
DLR with funds provided by the Federal Ministry of Economics and
Energy (BMWi) under grant number 50WM1556.

Q 27.40 Tue 16:30 Empore Lichthof
Shaping of Electron Beams with Laser Fields — eMoriTz
CarmesiN!, Maxim A. Erremov!, and WoLreang P. ScHLEICH!2
— Unstitut fiir Quantenphysik and Center for Integrated Quantum
Science and Technology (IQST)7 Universitat Ulm, Albert-Einstein-
Allee 11, 89081 Ulm, Germany — 2Texas A & M University Institute
for Advanced Study (TIAS), Institute for Quantum Science and En-
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gineering (IQSE), and Department of Physics and Astronomy, Texas
A & M University, College Station, Texas 77843-4242, USA

Applications such as electron microscopy or the free-electron laser re-
quire electron beams with a narrow distribution of the kinetic energy.
In order to control the width of this distribution, we suggest to scat-
ter electrons off two counterpropagating light waves, that is we utilize
induced Compton scattering. Within a description based on classical
mechanics we have found the optimal parameters such as the profile
and amplitude of the laser field envelope, that minimize the variance
of the energy distribution.

This work is supported by the German-Israeli Cooperation (DIP).
W.P.S. is grateful to Texas A&M University for a Texas A&M Univer-
sity Institute for Advanced Study (TIAS) Faculty Fellowship.

Q 27.41 Tue 16:30 Empore Lichthof
Coherence measurements of electrons from a field-emission
tip triggered by few femtosecond laser pulses — eSTEFAN
MEIER, PHILIPP WEBER, TAKUYA HigucHI, and PETER HOMMELHOFF
— Department Physik, Friedrich-Alexander-Universitdt Erlangen-
Niirnberg (FAU), Staudtstrasse 1, 91058 Erlangen

Field-emission tips represent excellent electron sources with regard to
spatial coherence properties, which limits the spatial resolution of mi-
croscopic and diffraction experiments. Triggering the electron emission
from such tips by laser pulses provides additional temporal resolution
to these techniques. Recently, with the help of electron interference
fringes obtained with a carbon nanotube as an electrostatic biprism,
electrons emitted via single-photon absorption of continuous-wave and
rather long laser pulses (duration ~ 21 ps) were shown to exhibit a sim-
ilarly small effective source radius (0.80 £ 0.05 nm) as that of dc-field
emitted electrons (0.55 & 0.02 nm) [1]. The degree of global coherence
of 36% is among the highest ever observed [2]. In this presentation,
we will discuss if such supreme spatial coherence is maintained in non-
linear photoemission, triggered by few-cycle near-infrared laser pulses,
which is a key to further confine the electron wave packet in time [2].
The current status of the experiment will be reported.

[1] D. Ehberger et al., Phys. Rev. Lett. 114, 227601 (2015).

[2] M. Kriiger et al., Nature 475, 78 (2011).

Q 27.42 Tue 16:30 Empore Lichthof
Atom-chip gravimetry with Bose-Einstein condensates —
eMAaRTINA GEBBE!, SVEN ABENDZ, MATTHIAS GERSEMANNZ,
HaukE MONTINGA', HOLGER AHLERs?, ERNsT M. RaseL?, CLAUS
LAMMERzZAHL!, and TuE QUANTUS Tram!:2:3:456,7 _ 17ZARM,
Uni Bremen — 2Institut fiir Quantenoptik, LU Hannover — 3Institut
fiir Physik, HU Berlin — “Institut fiir Laser-Physik, Uni Hamburg
— SInstitut fiir Quantenoptik, Uni Ulm — SInstitut fiir angewandte
Physik, TU Darmstadt — “Institut fiir Physik, JGU Mainz

Due to their small spatial and momentum width ultracold Bose-
Einstein condensates (BEC) or even delta-kick cooled (DKC) atomic
ensembles are very well suited for high precision atom interferome-
try. We generate such an ensemble in a miniaturized atom-chip setup
and apply Bragg beam splitting to perform different types of inertial
sensitive measurements. Using the chip as a retroreflector we have re-
alized a compact gravimeter and determined local g with an accuracy
of 5107 %g limited by vibrational noise. We demonstrate that the
sensitivity can be enhanced with the help of an optical lattice to re-
launch the atoms and large momentum transfer beam splitters. Addi-
tionally, we introduce a symmetric Double-Bragg diffraction technique
that offers interesting features. We exploit this to access the horizon-
tal axis and demonstrate geometries that are also sensitive to rotations
and gravity gradients. This work is supported by the German Space
Agency (DLR) with funds provided by the Federal Ministry for Eco-
nomic Affairs and Energy (BMWi) due to an enactment of the German
Bundestag under grant numbers DLR 50WM1552-1557 (QUANTUS-
IV-Fallturm).

Q 27.43 Tue 16:30 Empore Lichthof
Mbobile quantum gravity sensor with unprecedented stability
— eBasTIAN LEYKAUF, CHRISTIAN FREIER, VLADIMIR SCHKOLNIK,
MarTHIAS HAUuTH, MARKUS KRUTZIK, and AcHIM PETERS — Insti-
tut fir Physik, Humboldt-Universitat zu Berlin, Germany

The gravimetric atom interferometer GAIN is based on interfering en-
sembles of laser-cooled 87Rb atoms in a fountain setup, using stimu-
lated Raman transitions. Its transportable design allows to measure
local gravity at sites of geodetic and geophysical interest.

We compared the performance of our instrument with falling corner-

cube and superconducting gravimeters in two measurement campaigns
in Germany and Sweden and demonstrated continuous absolute grav-
ity measurements over several days with a stability of 0.5 nm/s27 the
best reported value for absolute gravimeters to date [1]. Due to effec-
tive control over systematic effects, including wavefront distortions of
the Raman beams [2], the measured gravity value’s accuracy can be
specified at 38 nm/s?.

We will discuss the experimental apparatus, the latest measure-
ments and future improvements, including our progress towards a
gradiometer based on a juggling atom fountain.

[1] Freier et al. Mobile quantum gravity sensor with unprecedented sta-
bility, submitted.

[2] Schkolnik et al. The effect of wavefront aberrations in atom inter-
ferometry, Applied Physics B (2015).

Q 27.44 Tue 16:30 Empore Lichthof
Laser system for dual-species atom interferometry with
K and Rb in space — eKrLaus DOERINGSHOFF!, VLADIMIR
ScukoLNik!, Markus KruTzik!, AcuiM PETERs!, and TuE MAIUS
Teamb2:3:45 _ Mpgtitut fir Physik, Humboldt-Universitét zu Berlin
— 2Ferdinand-Braun-Institut, Leibniz-Institut fiir Hochstfrequenz-
technik, Berlin — 3ZARM, Zentrum fiir Angewandte Raumfahrttech-
nologie und Mikrogravitation, Bremen — #Institut fiir Physik, JGU
Mainz — 51QO, Leibniz Universitit Hannover

Future application of precision atom interferometry in space missions
dedicated to Earth observation or fundamental physics, such as testing
Einstein’s equivalence principle (EEP), requires robust and compact
laser systems.

We present the overall architecture of a laser system at 780 nm and
767 nm for dual species atom interferometry with BECs of Rb and K
on a sounding rocket. The system is designed for laser cooling of both
species and simultaneous Raman- or Bragg double-diffraction interfer-
ometry. It further features a dipole trap laser at 1064 nm for mixing of
the species and optical delta-kick-cooling of the matter-wave packets.

‘We report on technological details such micro-integrated diode lasers
and advanced Zerodur optical bench technology, as well as environ-
mental testing and system parameters relevant for dual species atom
interferometry.

This work is supported by the German Space Agency DLR with
funds provided by the Federal Ministry of Economics and Technology
(BMWi) under grant number DLR 50 WP 1432.

Q 27.45 Tue 16:30 Empore Lichthof
Microwave system for Atom Manipulation on a Sounding
Rocket — eHosseiNn ABEDI, HosseIN Fazenr Kuavin, THiis WEN-
DRICH, WOLFGANG ERTMER, and ERNST RASEL — Institut fiir Quan-
tenoptik, Leibniz Universitdt Hannover

A space-bound quantum test of the universality of free fall based on
interferometry with mixtures of ultra-cold quantum Rb/K gases is pro-
posed within ESA’s Cosmic Vision program. The sounding-rocket ex-
periment MAIUS of the DLR gives us the opportunity to demonstrate
methods necessary for performing interferometry in extended free fall.
The experiments will use Double-Raman-scattering between the hy-
perfine ground states for forming the interferometer. State prepara-
tion in the states with lowest magnetic susceptibility, |F=1,2 mp=0>,
is achieved by a microwave adiabatic rapid passage starting from the
trapped BEC and hence requires for 87Rb a magnetic microwave field
at 6.8 GHz. It is however a challenge to combine all the requirements
of vacuum, optical access, DC, RF and microwave magnetic fields in a
compact atom-chip design.

This poster presents a microwave system that satisfies the require-
ments of the experiment. It shows how an electromagnetic field with
the required frequency can be generated and explains the transmission
system.

The QUANTUS/MAIUS project is supported by the German Space
Agency DLR with funds provided by the Federal Ministry for Eco-
nomic Affairs and Energy (BMWi) under grant number 50WM1431.

Q 27.46 Tue 16:30 Empore Lichthof
MAIUS-II/III: Towards dual species atom interferome-
try with Bose-Einstein condensates in space — eBapTIsT
Piest!, MAIKE LacuMann!, DENNIS BECKER!, MERLE CORNELIUS!,
MicHAEL ELsen?, and ErnsT Raser! — Institut fiir Quantenoptik,

Leibniz Universitat Hannover — 2ZARM, Universitét Bremen

One of the underlying principles of general relativity is the Einstein
equivalence principle. It can directly be probed by measuring the free
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fall acceleration of any two test objects with different internal com-
position and masses. Precise quantum measurements can be achieved
by simultaneous atom interferometry of a mixed species Bose-Einstein
condensate (BEC). To increase the precision of such an experiment
the enclosed space-time path of the interferometry sequence has to
be maximized which demands a weightless environment. Within the
QUANTUS-experiments, we already demonstrated the creation of
BECs in microgravity[1] and the realisation of a BEC based atom in-
terferometer in microgravity[2]. Primary goals of the sounding rocket
mission MATUS-II are the first sequential creation of BECs consisting
of Rb-87 and K-41 in space and the realisation of a double-diffraction
type atom interferometer. In MAIUS-III this shall be extended to the
simultaneous creation of the dual species BEC. One of the next steps
towards the mission will be the commissioning of the experimental
chamber on ground with a dedicated laser system to demonstrate its
capability to create and observe BECs of Rb-87 and K-41.

[1] T. van Zoest et al., Science 328, 1540 (2010).

[2] H. Miintinga et al., Phys. Rev. Lett. 110, 093602 (2013).

Q 27.47 Tue 16:30 Empore Lichthof
Quantum Test of the Universality of Free Fall — eDIPANKAR
NatH, HENNING ALBERS, CHRISTIAN MEINERS, LOGAN L. RICHARD-
soN, DENNIS ScHLIPPERT, CHRISTIAN SCHUBERT, ETIENNE WODEY,
WoLrcaNG ERTMER, and ErNsT M. RAseL — Institut fiir Quan-
tenoptik, Leibniz Universitat Hannover, Welfengarten 1, 30167 Han-
nover

The Universality of Free Fall (UFF) is one of the constituents of the
Einstein’s Equivalence Principle. Most modifications to quantum field
theory to include gravity predict a violation of UFF. Tests of UFF have
been carried out using macroscopic objects to verify the theory of gen-
eral relativity with no violations observed so far [1]. A quantum test
of the UFF is possible using atom interferometers. Test of the UFF
at a 100 ppb uncertainty using two different atomic species, 3°K and
87TRb has already been carried out [2]. We propose a test at ppb level
uncertainty by correlating an atom interferometer with a seismometer
along with the implementation of a common optical dipole trap to re-
duce systematic uncertainty. Test of the UFF up to a level of 1 part in
1013 is also under development. Attaining such small uncertainty will
require the implementation of atom interferometry with long free fall
times of the order of seconds . This entails the usage of very long base-
lines [3] along with the usage of alkaline-earth like species Ytterbium
and novel experimental techniques.

[1] S. Schlamminger et al., Phys. Rev. Lett. 100, 041101 (2008)

[2] D. Schlippert et al., Phys. Rev. Lett. 112, 203002 (2014)

[3] J. Hartwig et al., New J. Phys. 17, 035011 (2015)

Q 27.48 Tue 16:30 Empore Lichthof
Setting up a transportable absolute quantum gravimeter —
eNiNna GROVE, MARAL SAHELGOZIN, JONAS MATTHIAS, MATTHIAS
GERSEMANN, SVEN ABEND, WALDEMAR HERR, WOLFGANG ERTMER,
and ErnsT M. RAsEL — Institut fiir Quantenoptik, Leibniz Univer-
sitat Hannover, Welfengarten 1, 30167 Hannover

We report on the recent development of the Quantum Gravimeter
QG-1; presenting the setup of the double MOT system consisting of a
2DT-MOT and a 3D mirror MOT. State of the art gravimeters based
on laser cooled atoms are limited in accuracy due to the expansion of
the thermal ensemble during the interrogation time of the interferome-
ter. In order to minimize such uncertainties, the Quantum Gravimeter
QG-1 is designed to use ultra-cold 8"Rb-atom samples generated by an
atom-chip source. Aiming for high precision the following parameters
should be achieved: (i) 1 Hz repetition rate (ii) drift-free longterm mea-
surements with a bandwidth at mHz-level (iii) accurate measurement
of local gravity below the uGal-level (1078 ms—2).

This work is a collaboration with the Institut fiir Erdmessung (IfE)
and supported by the Deutsche Forschungsgemeinschaft (DFG) in the
scope of the SFB 1128 geo-Q.

Q 27.49 Tue 16:30 Empore Lichthof
Preparations for the LISA three-backlink experiment —
eLEA Biscuor!, KarHaRINA-SopPHIE ISLEIF!, OLIVER GERBERDING!,
Sonja VErtH!, MicHAEL Tr6Bs» 2, KARSTEN DanzMann':2, and
GerRHARD HEINZELD2 — llnstitut fiir Gravitationsphysik, Leibniz
Universitit Hannover, 30167 Hannover — 2Max-Planck Institut fir
Gravitationsphysik (Albert Einstein Institut), 30167 Hannover

The Laser Interferometer Space Antenna (LISA) is a planned space-
based, low-frequency gravitational wave detector with arm-lengths of
several million kilometres and a displacement sensitivity in the order

of 10 pm/\/@. To suppress laser frequency noise in this detector two
or more arms have to be compared to synthesize a quasi Michelson
interferometer. This is non-trivial due to an orbit induced breathing
of the angle between the arms, which requires an adaptable link (so-
called backlink) between two optical benches in one satellite. Previous
experiments at the AEI in Hannover have shown that a reciprocal
fiber-based backlink is not an optimal solution, due to Rayleigh scat-
tering induced noise. A new experiment is currently being set-up at
the AEI in Hannover to compare this method with a free beam and a
frequency-offset fiber-based implementation.

We will give an overview of this experiment and describe the re-
quired laser preparation set-up. Especially, we will show the current
performance of our laser locking scheme that uses digitally controlled
offset-frequency locks to stabilize four lasers to well defined relative fre-
quencies and low laser frequency noise. This scheme is the basis for the
heterodyne readout that we will use in the three backlink experiment.

Q 27.50 Tue 16:30 Empore Lichthof
Ion Coulomb crystals in scalable ion traps for precision spec-
troscopy — eJAN KIETHE, DiMITRI KALINCEV, JOoNAS KELLER, To-
BIAS BURGERMEISTER, and Tanja E. MEHLSTAUBLER — Physikalisch-
Technische Bundesanstalt, Braunschweig, Germany

We report on progress towards a multi-ion clock based on Int/Yb™*
ion Coulomb crystals, stored in a segmented linear Paul trap. In our
currently operational prototype trap we characterized systematic shifts
due to micromotion[!] and excess heating rates at the level of fractional
frequency shifts of 1019 and below. A heating rate of 1.4 phonons
per second at 500 kHz was observed.

A next generation ion trap based on aluminum nitride ceramics, was
tested at the CMI in Prague. The warming of the trap was measured
to be 2K at operational conditions, in agreement with simulations[2!.

The well-controlled Coulomb crystals in our setup are also used to
study many-body physics of strongly interacting systems. In partic-
ular, we investigate the dynamics of solitons in two-dimensional ion
Coulomb crystals.

[1] Keller et al., J. Appl. Phys. 118, 104501 (2015)

[2] Dolezal et al., Metrologia 52, 842 (2015)

Q 27.51 Tue 16:30 Empore Lichthof
Progress Towards an AlT Quantum Logic Optical Clock —
eJonanNes KRaMER!, NiLs SCHARNHORST!, STEPHAN HANNIG!, IAN
D. Leroux!, and Pier O. ScumipT!? — 1Physikalisch-Technische
Bundesanstalt, 38116 Braunschweig, Germany — 2Leibniz Universitat
Hannover, 30167 Hannover, Germany

We present the status of our aluminum ion optical clock, based on a
single 27Al* clock ion confined in a linear Paul Trap together with a
40Ca™ logic ion. The latter is used for sympathetic cooling and in-
ternal state detection of the clock ion via the Coulomb interaction.
27AltT provides a narrow (8 mHz) clock transition at 267 nm which
exhibits negligible electric quadrupole shift and an exceptionally low
sensitivity to black-body radiation. A measurement of the trap tem-
perature combined with numerical simulations allows us to bound the
black-body radiation shift to < 10719 [1]. We use EIT cooling for fast
ground-state cooling and we stabilize all relevant lasers via a so-called
transfer-lock scheme [2] which transfers the short-term stability of a
stable master laser to slave lasers of different wavelengths via a com-
pact, reliable fiber frequency comb. We will present a characterization
of time dilation shifts from residual secular and micromotion of the
Alt ion.

[1] M. Dolezal et al., arXiv: 1510.05556 (2015).

[2] N. Scharnhorst et al., Opt. Express 23, 19771-19776 (2015).

Q 27.52 Tue 16:30 Empore Lichthof
A monolithic doubling cavity for the clock laser of a trans-
portable AlT clock — eSTeEpHAN HanNiG!, NILs SCHARNHORST!,
Jouannes KraMer!, IaN D. Leroux! und Pier O. ScemipT!2 —
I Physikalisch-Technische Bundesanstalt, 38116 Braunschweig, Germa-
ny — 2Leibnitz Universitit Hannover, 30167 Hannover, Germany

We present the status of our second generation aluminium ion optical
clock using quantum logic techniques for cooling and reading out the
27 A1t clock ion via a 4°Ca™ logic ion.

‘We have set up a vacuum chamber including a segmented multi-layer
linear Paul trap. The system is intended to not only act as a reference
for the first Alt /Cat system developed in our laboratory, but also pa-
ves the way towards experimental investigation of novel interrogation
schemes of more than one clock ion.

To drive the clock transition at 267.4 nm, light from a fiber laser
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is frequency doubled twice. While the first doubling takes place in a
commercially available waveguide, we built a mechanically monolithic
bow tie cavity for the second step. Here, we present the design focussed
on low sensitivity on mechanical and acoustic disturbances. Since the
clock is planed to be portable, high stability and reproducibility of the
alignment were additional design goals.

Q 27.53 Tue 16:30 Empore Lichthof
A transportable optical lattice clock — eJacoro GRroTTI, SIL-
vio KOLLER, STEFAN VoOGT, SEBASTIAN HAFNER, SOFIA HERBERS,
UWE STERR, and CHRISTIAN LisDAT — Physikalisch-Technische Bun-
desanstalt, Bundesallee 100, 38116 Braunschweig, Germany

The excellent performance of optical clocks offers new prospects for
applications as well as fundamental research. Applications include the
operation of optical clocks for time keeping and relativistic geodesy.

We are now working on a new apparatus for an optical lattice clock
with strontium atoms, which is designed to be transportable. This
kind of clocks, that can be operated outside the laboratory, can be
used for direct frequency comparison between distant experiments and
local measurements of the geo-potential (relativistic geodesy). The
portable apparatus allows to resolve the clock transition with few Hertz
linewidth. The evaluation of the uncertainty budget is ongoing. In
February 2016 a first geodesy experiment is planned.

This work is supported by QUEST, DFG (RTG 1729, CRC 1128),
EU-FP7 (SOC2, FACT) and EMRP (ITOC, QESOCAS). The EMRP
is jointly funded by the EMRP participating countries within EU-
RAMET and the European Union.

Q 27.54 Tue 16:30 Empore Lichthof
Design of a Transportable Cavity Using Mirrors with Single-
Crystalline Coatings. — eSoriA HERBERS, SEBASTIAN HAFNER,
Uwe STERR, and CHRISTIAN Lispar — Physikalisch-Technische-
Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig

Ultra-stable high-finesse cavities are key components of laser systems
used in optical clocks, which are applicable in relativistic geodesy
or space-time research. However, many applications require a trans-
portable system that cannot rely on a well-controlled laboratory en-
vironment. Present transportable cavities exhibit mainly two limiting
factors: One is Brownian noise especially in the mirror substrates and
coatings, the other is vibration sensitivity due to the mounting. The
transportability of the cavity confines the length since longer spacers
cause higher vibration sensitivity. Hence, the influence of the thermal
noise due to the mirrors cannot be reduced by very long resonators.

Here, we present a design of a reference cavity for a transportable
strontium lattice clock using single-crystalline coated mirrors to re-
duce Brownian noise and a special mounting system to minimize the
vibration sensitivity of the cavity. Finite element simulations predict a
frequency noise floor of 1 x 10716, Furthermore, measurements using
a provisionally spacer with the single-crystalline coated mirrors result
in a finesse of about 130000.

This work is supported by QUEST, DFG (RTG 1729, CRC 1128),
and the European Metrology Research Programme (EMRP) in ITOC,
and QESOCAS. The EMRP is jointly funded by the EMRP partici-
pating countries within EURAMET and the European Union.

Q 27.55 Tue 16:30 Empore Lichthof
A cryogenic lattice clock at PTB — eALl AL-MAsouDI, SOREN
DORscHER, SEBASTIAN HAFNER, UWE STERR, and CHRISTIAN Lis-
DAT — Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116
Braunschweig, Germany

Optical clocks have been pushing the frontier of frequency metrology
and hold strong promise for a broad range of applications, e.g., in fun-
damental physics and geosciences. Lattice clocks are particularly well
suited for delivering on this promise, since they intrinsically exhibit
the highest stabilities and thus support high-precision investigations of
time-dependent effects that require short averaging times. The total
systematic uncertainties of the best strontium lattice clocks have been
limited by uncertainty of the black-body radiation (BBR) field and the
resulting Stark shift for some time. However, different approaches for
overcoming this limitation have recently been demonstrated in several
groups, achieving fractional uncertainties in the low 1018 regime and
moving lattice clocks to the forefront in accuracy. Here, we report on
the realisation of a cryogenic lattice clock at PTB. By interrogating the
atoms in a uniform environment at cryogenic temperatures we achieve
BBR-induced shift uncertainties of about 1 x 10~'8. This enables a
total systematic uncertainty below 1 x 10~17, which we are going to
exploit in future clock comparisons.

This work is supported by QUEST, the DFG within CRC 1128 (geo-
Q) and RTG 1729, and the EMRP within ITOC and QESOCAS. The
EMRP is jointly funded by the EMRP-participating countries within
EURAMET and the European Union.

Q 27.56 Tue 16:30 Empore Lichthof
Optical resonators with ultra-high frequency stability us-
ing AlGaAs coatings — eSaNa AwmAIrRl Pyka, MoriTz NAGEL,
Kraus DORINGSHOFF, SYLVIA SCHIKORA, EVGENY V. KOVALCHUK,
and AcHiM PETERs — Humboldt-Universitat zu Berlin, Institut fir
Physik, AG Optische Metrologie, Newtonstrafte 15, 12489 Berlin

‘We present the study of the thermal noise limited performance of two
orthogonal cavities implemented in a single block of fused silica. The
fused silica mirror substrates of both cavities are coated with high-
reflectivity monocrystalline AlGaAs coating. The common mode sup-
pression of systematic effects in this system allows us the study of the
thermal noise limit in both cavities via the comparison of two stabi-
lized laser frequencies. The presentation will include details on the
AlGaAs coating finesse, optical performance and frequency stability
results. The AlGaAs mirror coating present an alternative for lower
thermal noise limit in cavity stabilized sub-Hertz linewidth lasers as
well as in the field of gravitational wave detection.

Q 27.57 Tue 16:30 FEmpore Lichthof
Optical spectroscopy of Bloch bands in optical lattice —
eNANDAN JHA, STEFFEN RUHMANN, DoMINIKA Fim, KLAUs ZIPFEL,
STEFFEN SAUER, WALDEMAR FRIESEN, FELIXx KEGLER, ANDRE Ku-
LOSA, WoOLFGANG ERTMER, and ERNST RASEL — Institut fiir Quan-
tenoptik, Leibniz Universitdt Hannover, Deutschland

We report on our spectroscopy measurement of the spin forbidden
1Sp — 3Py clock transition in laser cooled 24Mg in a shallow optical
lattice. The narrow clock transition allows a measurement of the ef-
fect of Bloch band curvature in optical spectroscopy. This provides a
magnified view of the possible frequency shift and broadening due to
Bloch band curvature that may affect state of the art optical clocks.
It has been previously shown that in the regime where the Rabi fre-
quency is smaller than the energy width of the lowest Bloch band in
the optical lattice, a modified lineshape with two shifted maxima is
observed in the clock transition [1]. We perform sideband resolved
measurements in the similar regime for 1000 24Mg atoms, trapped at
4 pK temperature in a shallow optical lattice of trap depths as low
as 6 recoil energies. The optical lattice wavelength is varied in the
vicinity of the 1Sy — 3P, transition magic wavelength. We observe a
dependence of the carrier lineshape on the lattice wavelength, and we
demonstrate its application in measuring the magic wavelength.

[1] P. Lemonde and P. Wolf, Phys. Rev. A 72, 033409 (2005).

Q 27.58 Tue 16:30 Empore Lichthof
Towards an optical lattice clock with bosonic 2¢Mg —
®STEFFEN SAUER, STEFFEN RUHMANN, DoMmINKA FiM, KLAUS ZIPFEL,
NanpaN JHA, WALDEMAR FRIESEN, FELIX KEGLER, ANDRE KULOSA,
WoLrGaNG ERTMER, and ERNsT RAsSEL — Institut fiir Quantenoptik,
Leibniz Universitat Hannover, Deutschland

We report on the progress towards a frequency measurement of 24Mg
15y — 3Py clock transition in a deeper optical lattice, with a linewidth
in the range of tens of Hz, which depends on the trap depth of the op-
tical lattice potential. We have also implemented a new normalization
scheme, leading to a better signal to noise ratio. Therefore we are
able to measure the magic wavelength of the optical lattice, the clock
transition frequency and the 2"? order Zeeman shift with a higher ac-
curacy.

Since a Sub-Doppler cooling scheme is not available for Mg, we prepare
the atoms in an elongated optical dipole trap using a continuous load-
ing scheme [1]. Atoms are subsequently transferred to the 1D optical
lattice, leading to a dilute cloud of 1000 atoms distributed over 130,000
lattice sites [2], reducing the atomic collisions which is an advantage
for bosonic lattice clocks. Line broadening due to atomic tunneling be-
tween lattice sites is currently limiting the precision of our frequency
measurement. Therefore, going forward, the new spectroscopy setup
with deeper optical lattice should allow us to study the systematic ef-
fects e.g. tunneling effect, collisional shifts, blackbody radiation shift,
Zeeman shift and ac Stark shift.

(1] M. Riedmann et al., Physical Review A, 043416 (2012).

[2] A. Kulosa et al., accepted for PRL, arXiv:1508.01118 (2015).
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Hannover 2016 — Q

Tuesday

Compact laser system for manipulating °Be™ ions at a high
magnetic field — e ALEXANDER IDEL!, SEBASTIAN GRONDKOWSKI!,
Macrte NiIEMANNY, TEREsA MEINERs!, STEFAN ULMER?, and CHRIs-
TIAN OsPELKAUSD? — lLeibniz Universitit Hannover, Institut fiir
Quantenoptik, Hannover — 2Physikalisch-Technische Bundesanstalt,
Braunschweig — 3Ulmer Initiative Research Unit, RIKEN

In this project, we are developing quantum logic spectroscopy tech-
niques for single (anti-)protons with the ultimate goal of supporting a
g-factor based test of CPT invariance [1]. We discuss laser systems for
cooling, repumping and controlling of °Be™ hyperfine qubit ions at a
high magnetic field of 5T. The light for Doppler cooling, repumping
and Raman sideband transitions will be provided by three tunable in-
frared fiber-lasers generating two beams via sum-frequency generation
(SFG) and subsequent second harmonic generation, similar to [2]. We
build a compact system split into three single, stackable breadboards
(600 mm x 600 mm), connected via fibers. One breadbord is used for
two independent SFG stages. The SFG wavelength is stabilized to an
iodine vapor cell. The light is then frequency-doubled on the other
breadboards to generate the required wavelenght of about 313 nm for
ion and qubit manipulation.

[1] D. J. Heinzen and D. J. Wineland, Phys. Rev. A 42, 2977 (1990).

[2] A.C. Wilson et al., Appl. Phys. B, 105: 741-748 (2011).

Q 27.60 Tue 16:30 Empore Lichthof
Implementation of the Quantum Fourier Transform in a Solid
State Spin Register — eNikoLAS ABT, SEBASTIAN ZAISER, PHILIPP
NeuMANN, and JORG WRACHTRUP — 3. Physikalisches Institut, Uni-
versity of Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany

We report on the implementation of the quantum Fourier transform
(QFT) [1] in diamond where we use the NV center and the associated
14N spin as well as 13C spins in the environment which couple to the
NV through hyperfine interaction. To perform a QFT, not only lo-
cal but non-local gates are necessary. To this end, we make use of the
electron spin of NV~ as an ancilla and state selective rotations [2]. We
further evaluate the performance of the QFT under experimental con-
straints like finite coherence times or finite number of available spins.
Since the electron is already incorporated into the system, it might be
profitable to combine the sensitive sensing capabilities of the electron
spin, the robust memory properties of a nuclear spin and the QFT
to a hybrid quantum-sensor-quantum-memory tool which will also be
discussed.

[1] Nielsen, Michael A., and Isaac L. Chuang. Quantum Computa-
tion and Quantum Information. Cambridge University Press, 2010.

[2] Waldherr, G., et al. Quantum Error Correction in a Solid-State
Hybrid Spin Register. Nature 506, 204 (2014)

Q 27.61 Tue 16:30 Empore Lichthof
A nano-mechanical oscillator inside a hollow core photonic
crystal fiber — eDaviD GRrass, JurLiaN FEseL, Nikorar KIESEL,
and MARKUS ASPELMEYER — University of Vienna

Optical levitation of nano-particles has attracted significant attention
as ultra-high Q mechanical oscillators for force sensing applications
and in the context of quantum optomechanics. We report an optical
conveyor belt for transport of levitated nano-particles over several cen-
timeters in air or vacuum inside a hollow core photonic crystal fiber.
Detection of the transmitted light field allows 3-dimensional read-out
of the particles’ center of mass motion. An additional laser enables 1-
dimensional radiation pressure based feedback cooling over the whole
fiber length. This enables a precise measurement of the damping due
to the local environment of the levitated particle i.e. the pressure. It
allows a measurement of the pressure distribution inside a hollow core
fiber (10cm long, 10um diameter) that connects two reservoirs sepa-

10

rated by several orders of magnitude in pressure. Next steps include
force sensing applications when the particle is functionalized, e.g., with
a single or few charges to sense local electric fields.

Q 27.62 Tue 16:30 FEmpore Lichthof
Towards chemical shift resolution in nanoscale NMR us-
ing the Nitrogen Vacancy centre — eSIMON ScHMITT!, GER-
HARD WoLFF!, CurisTopH MULLER!, Boris NayDpENov!, Liam
McGuinngss?, Junicur Isova?, and FEpor JeLEzko! — lInstitute
for Quantum Optics, University Ulm, Germany — 2Research Center

for Knowledge Communities, University of Tsukuba, Ibakiri, Japan

The nitrogen vacancy (NV) centre in diamond has proven to be an
outstanding magnetic field sensor by enabling nanoscale NMR to be
performed at ambient conditions. Recently, a few experiments have
demonstrated that the sensitivity of the NV center is sufficient to per-
form NMR spectroscopy at the single molecule level. However, the
spectral resolution of the NV center is lacking, and to date has not
allowed structural information on external molecules to be obtained.
Here we discuss work on improving the resolution of the NV center, to
a level enabling detection of chemical shifts. This would allow for non-
destructive structural analysis of single molecules and bring NV-based
NMR spectroscopy closer to atomic level imaging.

Q 27.63 Tue 16:30 FEmpore Lichthof
Steps towards NMR sensing of single molecules
eGERHARD WOLFF!, SiMON ScuMITT!, CHRISTOPH MULLER!, BORIS
Naypenov!, Liam McGuinnNess!, Junichr Isova?, and Fepor
JeLEzko! — lInstitute for Quantum Optics, University Ulm, Ger-
many — 2Research Center for Knowledge Communities, University of
Tsukuba, Ibakiri, Japan

The nitrogen vacancy (NV) centre in diamond offers the intriguing op-
portunity to provide an atomic sized sensor with very high sensitivity.
Recently it has been shown that it is even possible to sense the mag-
netic field of a single spin at ambient conditions. We aim to extend
previous measurements to high magnetic fields, where the NV’s sen-
sitivity may enable detection of chemical shifts at a single molecule
level. Since the chemical shift depends on the external magnetic field
we conceptualize a cooperated setup consisting of a confocal micro-
scope and a superconducting magnet operating at several Tesla. This
also includes the designing of structures to control the position of the
target molecules as well as microwave resonators to coherently control
the spin NV system at high magnetic fields.

Q 27.64 Tue 16:30 Empore Lichthof
Astigmatism compensation in a non-planar four mirror-
Cavity — eANDREAS Noack — Max Planck Institute for Gravita-
tional Physics (Albert Einstein Institute Hannover) Callinstrate 38 /
30167 Hannover

One of the limiting noises in the second generation of interferometric
gravitational wave detectors (GWD) is the thermal noise of the test
masses. For the next generation GWD some methods have been pro-
posed to reduce the thermal noise. One method suggests to use higher
order modes instead of the fundamental Gaussian mode. Laguerre-
Gaussian modes (LG) are compatible with spherical mirrors and can
therefore be used in the current setup of the advanced GWDs. The
best tradeoff between clipping loss in the current setup and thermal
noise reduction is the LG33 mode. Our simulations and experimental
results show that astigmatism prevents the LG33 mode from resonat-
ing inside a planar Bow-Tie-Cavity. We present the feasibility of using
a non-planar four mirror Bow-Tie-Cavity as a mode cleaner for the
LG33 mode.



