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NIM Conference on Resonator QED 2015

Welcome

A very warm welcome to the NIM Conference on Resonator 
Quantum Electrodynamics RQED 2015 in Munich. The confer-
ence is organized by the Cluster of Excellence “Nanosystems 
Initiative Munich” (NIM) which has been established by the Ger-
man government’s “Excellence Initiative” in October 2006. The 
NIM Conference Series brings together leading international 
experts in quantum and nanosciences. It is aiming to provide 
a unique platform for the effective exchange of new scientific 
results and the open discussion of novel ideas. 

The RQED 2015 Conference is a continuation of the highly 
successful RQED 2013 Conference, which also took place in 
Munich from September 9 - 13, 2013. It consists of tutorials  
(45 + 15 min) and invited talks (20 + 10 min), as well as a small 
number of contributed talks (10 + 5 min) addressing the follow-
ing main topics: atomic cavity QED, solid state circuit QED, solid 
state cavity QED, quantum information processing with cavity 
and circuit QED systems, cavity optomechanics and circuit nano-
electromechanics, low-dimensional QED systems, QED without 
cavity, and hybrid circuit or cavity QED systems. 

The RQED 2015 Conference aims to bridge different communi-
ties in quantum physics – optical cavity QED, solid state cavity 
QED and solid state circuit QED – to share, pursue and diffuse 
the benefits of collaborations in the science of elementary quan-
ta. These fields made spectacular progress in the past years, 

with a striking diversity of demonstrated physical effects. It is re-
markable that the circuit and cavity QED communities share the 
same physical concepts, whereas they explore different regimes 
with essentially different techniques. Such complementarities 
give a strong motivation to bring together the groups working 
in the different subfields to form a unified scientific community. 
Within RQED 2015, the Cluster of Excellence NIM intends to fos-
ter interactions between the leading international experts in the 
optical cavity QED, solid state cavity QED and solid state circuit 
QED communities.  

The organizing team is grateful to the excellence cluster NIM 
for generous financial support. We also acknowledge substantial 
support by the Walther-Meißner-Institute, the Max-Planck-Insti-
tute of Quantum Optics and the Walter Schottky Institute and 
generous sponsoring by attocube systems. Finally, we are grate-
ful to Applied Physics B for sponsoring the RQED 2015 Poster 
Prize at our conference. 

It is our great pleasure to welcome you to RQED 2015. We wish 
all participants a stimulating and fruitful meeting in a relaxed 
atmosphere.

Jonathan Finley, Rudolf Gross and Gerhard Rempe

Welcoming Message

Dear participants!
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Conference Dinner
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Venue

The conference events will take place at the Literaturhaus 
München (Salvatorplatz 1, 80333 Munich, Germany) located 

in the center of Munich close to the historical “Salvatorplatz” 
and only about 300 meters from the central Underground Sta-
tion “Marienplatz”. This station is serviced by all suburban train 
lines (S-Bahn), including the trains coming directly from the 
airport. In addition, it is less than 150 meters from the Under-
ground Station “Odeonsplatz”.

 
The Literaturhaus is an architectural masterpiece and serves as 
a meeting point for writers, publishers, booksellers and jour-
nalists as well as for readers and listeners. In addition to lec-
tures presented by key contemporary authors, discussion pan-
els, seminars and exhibitions provide participants with a very 
unique way to access literature. 

Conference Dinner
19:00, Thursday, August 6, 2015 

“Grüner Saal, Zum Augustiner
Neuhauserstr. 27, 80331 München

www.augustiner-restaurant.com

Information
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Talks
Talks include:

• Tutorials of 60 min (including 15 min of discussion) 
• Invited talks of 30 min (including 5 min of discussion) 
• Contributed talks of 15 min (including 3 min of discussion)

A projector with VGA connection is available in the lecture hall. 
Speakers can either bring their own laptop or a USB memory 
stick with their presentation. A laptop with a recent version of Mi-
crosoft Office and Adobe Reader will be provided. Furthermore,  
microphones, a laser pointer, a presenter, and a flip chart will be  
also provided by the organizers. 

To avoid delays during the session, all speakers should test the 
functionality of their device or the compatibility of their talk with 
the provided soft- and hardware prior to their session.

Poster Sessions

Monday and Tuesday late afternoon are reserved for poster ses-
sions. The size of the poster board is A0 (upright format), pins 
will be provided.

All poster boards are numbered, please check your number in 
the list of abstracts. All posters can be set up Monday and can 
stay until the end of the poster session on Tuesday.

During the poster sessions drinks will be available. The beer is 
sponsored by attocube systems. 

Meals & Coffee Breaks

Lab Tours Map

Lab Tours (Monday 9:00 & Friday 14:00)

Lunch and Dinner – no lunch and dinner are offered at the con-
ference site. There are many restaurants in walking distance. On 
Thursday, the conference dinner will take place at the restaurant 
“Zum Augustiner” (www.augustiner-restaurant.com).

Drinks – Soft drinks are available during the coffee break.   
Alcoholic drinks may be purchased and are not included in the 
conference fee.

Coffee Breaks - Coffee/tee/cold drinks and pastries are available 
during the coffee breaks in the atrium next to the lecture hall.

Important: please wear your badge visibly during the coffee 
breaks. If you forget or lose your badge, please come to the  
registration desk.

There will be laboratory tours on Monday morning and Friday 
afternoon at the Max-Planck-Institute of Quantum Optics (MPQ), 
the Walther-Meißner-Institute (WMI) and the Walter Schottky 
Institute (WSI). 

On Monday morning, the laboratory tour will start at 9:00 h. 
Participants meet at the southern (rear) exit of the final station  
"Garching Forschungszentrum" of the subway line U6. There will 
be guides bringing the participants to MPQ (Hans-Kopfermann-
Straße 1, 85748 Garching), WMI (Walther-Meißner-Straße 8, 
85748 Garching), and WSI (Am Coulombwall 4, 85748 Gar-
ching). The participants are split into three groups. After a tour 

of about 60 min, the three groups will switch locations. The third 
tour ends at about 12:00 h, so that all participants can visit the 
three labs and arrive in time for the check in at the conference 
site before the conference starts.

On Friday afternoo n, people interested in the laboratory tour 
will meet at 14:00 h at the exit of the final station "Garching 
Forschungs zentrum" of the subway line U6. Participants are 
split up into three groups following the same procedure as on 
Monday morning. The tour ends at about 17:00 h.

For further clarification, check out the area map on the next page.

Venue
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14:00
T.B.A.
Alexandre Blais
Départment de Physique, Université de Sherbrooke, Québec, Canada

Realizing Quantum Simulations with Superconducting Circuits 
Andreas Wallraff

Department of Physics, ETH Zurich, 8093 Zurich, Switzerland

Notes

15:00

Tutorial

The high level of control achievable over quantized degrees 
of freedom have turned superconducting circuits into one 

of the prime physical architectures for quantum computing and 
simulation. Well established approaches towards quantum infor-
mation processing and quantum simulation rely on unitary time 
evolution. More recently open-system dynamics are also consid-
ered for these purposes. In this talk, I will first present experi-
ments in which we use a digital quantum approach to simulate 
the spin physics of the exchange, Heisenberg and Ising models 
[1,2]. Then I will present results based on the controlled gen-
eration of matrix product states created in an open cavity QED 
system with tunable interactions to simulate the ground state 
of an interacting Bose gas confined in one dimension [3,4]. The 
second set of experiments relies on the ability to efficiently mea-
sure higher order photon correlations of the cavity output field. 
For this purpose we have developed a quantum limited ampli-
fier achieving phase-preserving amplification at large bandwidth 

and high dynamic range [5]. These results explore a different 
path towards the simulation of complex quantum many-body 
physics based on the controlled generation and detection of 
non-classical radiation in an open quantum system.

[1] U. Las Heras et al., Phys. Rev. Lett. 112, 200501 (2014).

[2] Y. Salathé et al., Phys. Rev. X 5, 021027 (2015).

[3] S. Barrett et al., Phys. Rev. Lett. 110, 090501 (2013).

[4] F. Verstraete and J. I. Cirac, Phys. Rev. Lett. 104, 190405 
(2010).

[5] C. Eichler et al., Phys. Rev. Lett. 113, 110502 (2014).
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Magnetic resonance at the quantum limit
A.Bienfait1, J. Pla2, Y. Kubo1, C.-C. Lo2, X. Zhou1,3, D. Vion1, D. Esteve1, B. Julsgaard4, K. Moelmer4, J. Morton2, and Patrice Bertet1

1 Quantronics group, SPEC (CNRS UMR 3680), IRAMIS, DSM, CEA-Saclay, 91191 Gif-sur-Yvette, France
2 London Centre for Nanotechnology, University College London, London WC1H 0AH, United Kingdom
3 Institute of Electronics Microelectronics and Nanotechnology, CNRS-UMR 8520, ISEN Department, Avenue Poincaré, CS 60069, 
59652 Villeneuve d’Ascq Cedex, France
4 Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus C, Denmark 

The detection and characterization of paramagnetic species 
by electron-spin resonance (ESR) spectroscopy has numer-

ous applications in chemistry, biology, and materials science [1]. 
Most ESR spectrometers rely on the inductive detection of the 
small microwave signals emitted by the spins during their Lar-
mor precession into a microwave resonator in which they are 
embedded. Using the tools offered by circuit Quantum Electro-
dynamics (QED), namely high quality factor superconducting 
micro-resonators and Josephson parametric amplifiers that op-
erate at the quantum limit when cooled at 20 mK [2], we report 
an increase of the sensitivity of inductively detected ESR by  
4 orders of magnitude over the state-of-the-art, enabling the de-
tection of 1700 Bismuth donor spins in silicon with a signal-to-
noise ratio of 1 in a single echo [3]. We also demonstrate that 
the energy relaxation time of the spins is limited by spontaneous 
emission of microwave photons into the measurement line via 
the resonator [4]. This constitutes the first observation of the 
Purcell effect for spins, and a first step towards circuit QED ex-
periments with magnetically coupled individual spins.

[1] A. Schweiger and G. Jeschke, Principles of Pulse Electron 
Magnetic Resonance (Oxford University Press, 2001).

[2] X. Zhou et al., Physical Review B 89, 214517 (2014).

[3] A. Bienfait et al., in preparation (2015).

[4] A. Bienfait et al., in preparation (2015).

16:00

Tutorial

16:30

The efficient storage and retrieval of photons is a key element 
of most quantum communication schemes. Hybrid spin sys-

tems comprising electron spins for efficient matter-light interac-
tion and nuclear spins as robust quantum memory are excellent 
hardware for this purpose. In the talk I will show how to store 
arbitrary single photon states in single diamond defect centre 
nuclear spins. I will discuss the robustness of the storage against 

multiple interaction of the electron spin with photons and multi-
mode storage into different nuclei. Further on, a robust quantum 
memory is an excellent starting point for multiphoton entangle-
ment by repetitive scattering of photons on coherent spin states 
of the memory. I will discuss the prospects of multi photon en-
tanglement using a nuclear spin quantum memory.

Photon storage, retrieval and entanglement via a hybrid spin system
Jörg Wrachtrup

3rd Institute of Physics, University of Stuttgart, Germany
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We have realized a hybrid mechanical system in which ultra-
cold atoms and a micromechanical membrane are coupled 

by radiation pressure forces. The atoms are trapped in an optical 
lattice, formed by retro-reflection of a laser beam from an opti-
cal cavity that contains the membrane as mechanical element. 
When we laser cool the atoms, we observe that the membrane 
is sympathetically cooled from ambient to millikelvin tempera-
tures through its interaction with the atoms. Sympathetic cool-
ing with ultracold atoms or ions has previously been used to cool 
other microscopic systems such as atoms of a different species 
or molecular ions up to the size of proteins. Here we use it to ef-
ficiently cool the fundamental vibrational mode of a macroscopic 
solid-state system, whose mass exceeds that of the atomic en-
semble by ten orders of magnitude. Our hybrid system operates 
in a regime of large atom-membrane cooperativity. With techni-
cal improvements such as cryogenic pre-cooling of the mem-
brane, it enables ground-state cooling and quantum control of 
mechanical oscillators in a regime where purely optomechanical 
techniques cannot reach the ground state.

[1] A. Jöckel, A. Faber, T. Kampschulte, M. Korppi, M. T. 
Rakher, and P. Treutlein, „Sympathetic cooling of a membrane 
oscillator in a hybrid mechanical-atomic system“, Nature Nano-
technology 10, 55 (2015).

[2] B. Vogell, T. Kampschulte, M. T. Rakher, A. Faber, P. 
Treutlein, K. Hammerer, and P. Zoller, “Long distance coupling 
of a quantum mechanical oscillator to the internal states of an 
atomic ensemble”, New J. Phys. 17, 043044 (2015).

[3] B. Vogell, K. Stannigel, P. Zoller, K. Hammerer, M. T. Ra-
kher, M. Korppi, A. Jöckel, and P. Treutlein, „Cavity-enhanced 
long-distance coupling of an atomic ensemble to a microme-
chanical membrane“, Phys. Rev. A 87, 023816 (2013).

Hybrid atom-membrane optomechanics
A. Faber, T. Kampschulte, A. Jöckel, T. Karg, L. Beguin, and Philipp Treutlein
Department of Physics, University of Basel, Switzerland

Tutorial

Interaction between propagating phonons and a superconducting qubit
M.V. Gustafsson, T. Aref, A. Frisk-Kockum, M. Ekström, G. Johansson and Per Delsing

Chalmers University of Technology, 41296 Göteborg, Sweden

We present a new type of mechanical quantum device, 
where propagating surface acoustic wave (SAW) phonons 

serve as carriers for quantum information. At the core of our 
device is a superconducting qubit, designed to couple to SAW 
waves in the underlying substrate through the piezoelectric ef-
fect. This type of coupling can be very strong, and in our case 
exceeds the coupling to any external electromagnetic mode. The 
SAW waves propagate freely on the surface of the substrate, and 
we use a remote electro-acoustic transducer to address the qubit 
acoustically. Three different experiments are presented:

i) Exciting the qubit with an electromagnetic signal we can  
“listen” to the SAW phonons emitted by the qubit. The low speed 
of sound also allows us to observe the emission of the qubit in 
the time domain, which gives clear proof that the dominant cou-
pling is acoustic.

ii) Reflecting a SAW wave off the qubit, we observe a nonlinear 
reflection with strong reflection at low power and low reflection 
at high power.

iii) Exciting the qubit with both an electromagnetic signal and 
with a SAW signal, we can do two tone spectroscopy on the qubit

In all of these experiments we find a good agreement between 
experiment and theory.

[1] M.V. Gustafsson et al., Nature Physics, 8, 338 (2012).

[2] M.V. Gustafsson et al., Science 346, 207 (2014).

[3] A. Frisk-Kockum et al., Phys. Rev. A, 90, 013837 (2014).

[4] T. Aref et al., arXiv:1506.01631 (2015).
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The on-chip generation of nonclassical states of light is a key 
requirement for future optical quantum hardware. In solid-

state cavity quantum electrodynamics, such nonclassical light 
can be generated from self-assembled quantum dots strongly 
coupled to photonic crystal cavities. Their anharmonic strong 
light-matter interaction results in large optical nonlinearities at 
the single photon level, where the admission of a single pho-
ton into the cavity may enhance (photon tunneling) or diminish 
(photon blockade) the probability for a second photon to enter 
the cavity [1].

Here, we demonstrate that detuning the cavity and quantum-dot 
resonances enables the generation of high-purity nonclassical 
light from strongly coupled systems. For specific detunings we 
show that not only the purity but also the efficiency of single-
photon generation increases significantly, making high-quality 
single-photon generation by photon blockade possible with cur-
rent state-of-the-art samples [2]. 

Furthermore, we discuss the influence of exciton-phonon cou-
pling on the dynamics of strongly coupled systems and explore 

the effects of this interaction on different schemes for non-clas-
sical light generation [3]. By performing time-resolved measure-
ments, we map out the detuning-dependent polariton lifetime 
and extract the spectrum of the polariton-to-phonon coupling 
with unprecedented precision. Photon-blockade experiments 
for different pulse-length and detuning conditions reveal that 
achieving high-fidelity requires an intricate understanding of the 
phonons‘ influence on the system dynamics. Finally, we achieve 
direct coherent control of the polariton states of a strongly cou-
pled system and demonstrate that their efficient coupling to pho-
nons can be exploited for novel concepts in high-fidelity single 
photon generation.

[1] A. Faraon et al. Nat Phys 4, 859 (2008).

[2] K. Mueller et al. Phys. Rev. Lett. 114, 233601 (2015).

[3] K. Mueller et al. arXiv:1503.05595 (2015) – to appear in 
Phys. Rev. X.

Generation of non-classical light on-chip using cavity quantum-electrodynamics 
Kai Müller, K.A. Fischer, A. Rundquist, T. Sarmiento, K. G. Lagoudakis, Y. A. Kelaita and J. Vučković
E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA

Quantum electrodynamics within resonators differs from 
such dynamics in free space by the fact that the quantum 

dynamics of matter and of light are made to influence one an-
other strongly. In this talk, I will develop this idea from the per-
spective of cavity optomechanics, where, in the case of linear 
optomechanical coupling, an electromagnetic resonator is tuned 
parametrically by the displacement of a mechanical harmonic 
oscillator. I will show recent results from an experimental ap-
paratus in which ultracold atomic gases are trapped within well 
determined locations within an optical Fabry-Perot resonator.  
Depending on the experimental configuration, the optical reso-
nator can be used to measure and interact with the collective 
mechanical state of the atoms, their collective hyperfine spin 
state, or both. Focusing on mechanics, I will discuss the realiza-

tion and characterization of cavity-mediated forces between two 
spatially separated mechanical objects [1]. Focusing on spins, 
I will present evidence of optically driven spin dynamics that 
bear close analogy with cavity optomechanical phenomena such 
as the optical spring effect, coherent cavity amplification and 
damping of an oscillator, and absolute thermometry through the 
detection of sideband asymmetry.

[1] Nicolas Spethmann, Jonathan Kohler, Sydney Schreppler, 
Lukas Buchmann, and Dan M. Stamper-Kurn, “Cavity-mediated 
coupling of mechanical oscillators limited by quantum backac-
tion,” preprint arXiv:1505.05850.

Atoms acting as mechanical and spin oscillators within a driven optical resonator
Dan M. Stamper-Kurn

Department of Physics, University of California, Berkeley, CA 94720, USA
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Ultrastrong coupling in two-resonator circuit QED 
Achim Marx1, A. Baust1,2,3, E. Hoffmann1,2, M. Haeberlein1,2, P. Eder1,2,3, M. Fischer1,2,3, J. Goetz1,2, F. Wulschner1,2,3, E. Xie1,2,  
L. Zhong1,2,3, K. G. Fedorov1,2, E. P. Menzel1,2, F. Deppe1,2,3 and R. Gross1,2,3

1 Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, 85748 Garching, Germany
2 Physik-Department, Technische Universität München, 85748 Garching, Germany
3 Nanosystems Initiative Munich (NIM), Schellingstraße 4, 80799 München, Germany

We report on ultrastrong coupling between a superconduct-
ing flux qubit and a resonant mode of a system comprised 

of two superconducting coplanar stripline resonators coupled 
galvanically to the qubit [1,2]. With a coupling strength as high 
as 17 % of the mode frequency, exceeding that of previous cir-
cuit quantum electrodynamics experiments, we observe a pro-
nounced Bloch-Siegert shift. The spectroscopic response of our 
multimode system reveals a clear breakdown of the Jaynes-Cum-
mings model. In contrast to earlier experiments [3], the high 
coupling strength is achieved without making use of an addi-
tional inductance provided by a Josephson junction.

We acknowledge support by the German Research Foundation 
through SFB 631 and FE 1564/1-1, the EU project PROMISCE, 
and Elite Network of Bavaria through the program ExQM.

[1] A. Baust et al., Phys. Rev. B 91, 014515 (2015).

[2] A. Baust et al., arXiv:1412.7372 (2015).

[3] T. Niemczyk et al., Nature Phys. 6, 772-776 (2010).

We study the nonlinear response of a driven cavity QED 
system in the extreme strong coupling regime where the 

saturation photon number is below one by many orders of mag-
nitude. In this regime, characteristic of circuit QED systems, 
multi-photon resonances within the Jaynes-Cummings spectrum 
up to high orders can be resolved [1-3]. We identify an intensity 
and frequency range of the external coherent drive for which the 
system exhibits bistability instead of resonant multi-photon tran-
sitions [4]. The cavity field evolves into a mixture of the vacuum 
and another quasi-classical state well separated in phase space. 
The corresponding time evolution of the outgoing intensity is 
a telegraph signal alternating between two attractors. Although 
this robust bistable state is semiclassical, it is a purely quantum 
effect generated by a single atom. Moreover, it cannot be con-
nected by any limiting procedure to the result that could be ob-
tained from an ab initio semiclassical description. We also show 
that this behavior is quite generic and can be invoked at much 
lower pump intensities if the two-level atom is replaced by a 
third level of the atomic system couples into the dynamics. This 
is the case in many circuit QED systems which manifest then the 
predicted bistability effect [5].

[1] F. Deppe, et al, Nature Physics 4, 686 (2008).

[2] L.S. Bishop, J. Chow, J. Koch, A. Houck, M. Devoret, E. 
Thuneberg, S. Girvin,  R. Schoelkopf, Nature Physics 5, 105 
(2009).

[3] J. Fink, M. Göppl, M. Baur, R. Bianchetti, P. Leek, A. Blais, 
A. Wallraff, Nature 454, 315 (2008).

[4] A. Dombi, A. Vukics, P. Domokos, Eur. Phys. J D 69, 60 
(2015).

[5]  J. Fink,  A. Dombi, A. Vukics, P. Domokos, A. Wallraff, in 
preparation.

Bistability in small quantum systems 
A. Dombi, A. Vukics, Peter Domokos

Wigner Research Centre for Physics, Hungarian Academy of Sciences, H-1525 Budapest P.O. Box 49, Hungary

http://dx.doi.org/10.1103/PhysRevB.91.014515
http://arxiv.org/abs/1412.7372
http://dx.doi.org/10.1038/nphys1730
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Cavity Optomechanics and Circuit Nanoelectromechanics
Florian Marquardt
Institute for Theoretical Physics, University of Erlangen-Nuremberg, Germany
and Max Planck Institute for the Science of Light, Erlangen, Germany

T.B.A.
Tobias Kippenberg

Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

This tutorial will present an overview of cavity optomech anics. 
This field deals with the interaction of (microwave or optical) 

radiation and micro- or nanomechanical motion. During the past 
few years, rapid progress has resulted in the realization of sever-
al first milestones, such as cavity-assisted ground-state cooling 
of mechanical motion or entanglement between radiation and 
motion. I will first introduce the basic physical concepts and give 
an overview of the 'toolbox' of cavity quantum optomechanics. 
In the second half of the lecture, I will present an outlook that 

summarizes the many potential future applications of the basic 
principles. This includes wavelength conversion and other tools 
for quantum communication, transport of photons and phonons 
in optomechanical arrays, and studies of foundational questions 
in quantum physics. 

[1] Markus Aspelmeyer, Tobias Kippenberg, and Florian Mar-
quardt, Reviews of Modern Physics 86, 1391 (2014).

Tutorial
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According to quantum mechanics, particles cannot simulta-
neously have both the position and momentum well defined. 

These quantities have fundamental fluctuations which are bound 
by the Heisenberg uncertainty relation setting a lower limit for 
their product. The same holds for any pair of conjugate observ-
ables, such as quadrature amplitudes of motion of an oscillating 
body. However, long time ago in optics it has been demonstrated 
the possibility to create squeezed quantum states of light, where 
fluctuations of an observable can be reduced below the Heisen-
berg limit, at the cost of increased fluctuations of the conjugate. 
Here we prepare a nearly macroscopic moving body, realized 
as a micromechanical resonator, in a squeezed quantum state 
which approximates a squeezed vacuum. In a microwave cavity 
optomechanical experiment, we utilize the novel idea of dissi-

pative squeezing [1], where a transformed system is allowed to 
cool towards a squeezed low-energy state. This method is suit-
able for creation of unconditional squeezing in the steady-state. 
This contrasts to many other plausible methods of squeezing 
generation, such as those relying on parametric modulation. We 
obtain squeezing of one quadrature amplitude about 1.4 dB be-
low the quantum limit. This work achieves a longstanding goal 
of preparing macroscopic objects in such states, having implica-
tions for sensitive measurements e.g. in gravitational astronomy.

[1] A. Kronwald, F. Marquardt, and A. A. Clerk, Phys. Rev. A 88, 
063833 (2013).

Squeezing of quantum noise of motion in a micromechanical resonator
J.-M. Pirkkalainen1 , E. Damskägg1 , M. Brandt1, F. Massel2, and Mika A. Sillanpää1

1  Department of Applied Physics, Aalto University, PO Box 11100, FI-00076 Aalto, Finland
2 University of Jyväskylä, Department of Physics, Nanoscience Center, PO Box 35 (YFL) FI-40014 Jyväskylä, Finland

16:00

Notes

In this talk, I will present two experimental proposals [1,2] to 
achieve the strong single-photon coupling regime in cavity 

quantum nanomechanics. 

In the first part of the talk, based on [1], we show that the in-
ductive coupling between the quantum mechanical motion of a 
superconducting microcantilever and a flux-dependent micro-
wave quantum circuit can attain the strong single-photon nano-
mechanical coupling regime with feasible experimental param-
eters. We propose to use a superconducting strip, which is in the 
Meissner state, at the tip of a cantilever. A pickup coil collects 
the flux generated by the sheet currents induced by an exter-
nal quadrupole magnetic field centered at the strip location. The 
position-dependent magnetic response of the superconducting 
strip, enhanced by both diamagnetism and demagnetizing ef-
fects, leads to a strong magnetomechanical coupling to quantum 
circuits.

In the second part of the talk, based on [2], we show that the 
dipole force of an ensemble of quantum emitters embedded in a 
dielectric nanosphere can be exploited to achieve a strong sin-
gle-photon quantum optomechanical coupling, in the resolved 
sideband regime and at room temperature, with experimentally 

feasible parameters. The key ingredient is that the polarizability 
from an ensemble of embedded quantum emitters can be larger 
than the bulk polarizability of the sphere, thereby enabling the 
use of repulsive optical potentials and consequently the levita-
tion at near-fields. This allows to boost the single-photon cou-
pling by combining larger polarizability to mass ratio, larger 
field gradients, and smaller cavity volumes. A case study is done 
with a nanodiamond containing a high-density of silicon-vacan-
cy color centers that is optically levitated in the evanescent field 
of a high-finesse microsphere cavity.

[1] G. Via, G. Kirchmair, and O. Romero-Isart, Phys. Rev. Lett. 
114, 143602 (2015).

[2] M. L. Juan, G. Molina-Terriza, T. Volz, and O. Romero-Isart, 
arXiv: 1505.03363.

Strong Single-Photon Coupling Regime in Cavity Quantum Nanomechanics
Oriol Romero-Isart

Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, A-6020 Innsbruck, Austria
Institute for Theoretical Physics, University of Innsbruck, A-6020 Innsbruck, Austria
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Non- Classical States of a Mechanical Resonator in a Hybrid Circuit QED Device
Mehdi Abdi1, M. Pernpeintner1,2, R.Gross1,2, H. Huebl2, and M.J. Hartmann3

1 Physik- Department, Technische Universität München, 85748 Garching,Germany
2 Walther- Meißner- Institut, Bayerische Akademie der Wissenschaften, 85748 Garching, Germany
3I nstitute of Photonics and Quantum Sciences, Heriot- Watt University, Edinburgh, EH14 4AS, United Kingdom

We introduce and study a hybrid system with quantum 
mechanical interactions between photons, phonons, and 

excitations of a superconducting qubit. The interactions hap-
pen in a circuit QED device featuring a transmon qubit [1,2] 
with a mechanical resonator mounted in its shunt capacitor. 
This system offers a strong nonlinear transmon–mechanical 
interaction. Moreover, when combined with a strong cavity–
transmon interaction, it allows for a wide range of manipula-
tions of the system due to the anharmonicity of the transmon 
qubit. We will show that in terms of polaritons (a hybridization 
of the microwave excitations in the resonator and the trans-
mon qubit) two kinds of three- body interactions in the strong 
coupling regime between the mechanical mode and the polari-
tons emerge: The first one couples the number of polaritons 
to the mechanical position,  while the other couples a 
conversion between two polariton types to the position of the 
mechanical resonator, . An important innovation 
of the architecture is the combination of strong three- body 
coupling and the anharmonicity of the polaritonic modes that 
allows for exquisite control of the mechanical mode. 

In a few examples we will exploit the advantages of these fea-
tures. In particular, the interactions can be employed for cool-
ing the mechanical mode to its ground state and preparing it in 
non- classical states of different categories. Examples are me-
chanical Fock and cat states, non- Gaussian optomechanical, 
and hybrid tripartite entangled states. Therefore, we believe 
that the architecture proposed here offers a quantum toolbox 
for broad control of the mechanical resonator [3]. Our simu-
lations based on current experimental parameters affirm the 
abilities of the device. 

[1] J. Majer et al., Nature 449, 443 (2007).

[2] J. Koch et al., Phys. Rev. A 76, 042319 (2007).

[3] M. Abdi et al., Phys. Rev. Lett. 114, 173602 (2015).

Notes
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The in-situ growth of carbon nanotubes over metallic contact 
electrodes has led to a multitude of fascinating quantum 

transport measurements. Results range from observation and 
spectroscopy of unperturbed one- and many-electron quantum 
states in the embedded quantum dots [1,2] to carbon nanotubes 
as high quality factor nano-electromechanical systems [3-5]. De-
vices display an inherent strong coupling between nanotube and 
electrodes, with quantum dots defined e.g. via electrostatically 
induced p-n transitions as tunnel barriers.

A desirable extension is coupling of the nanotubes to on-chip 
superconducting coplanar radiofrequency circuits. However,  
the chemical vapour deposition growth conditions, typically 
15 min at 900 °C in an H2 / CH4 atmosphere, are highly detrimen-
tal to most metal thin films - and superconductors in particular. 
Various solutions for this problem have been proposed, includ-
ing capping a Nb resonator with a protection layer [6] or trans-
ferring the nanotube after growth [7].

Here, we present data on coplanar stripline resonators fab-
ricated using co-sputtering of a rhenium-molybdenum alloy  
[8-10]. The thin films incorporate a significant amount of carbon 
under nanotube growth conditions. However, superconductivity 
remains stable, displaying afterwards a critical temperature Tc 
of up to 8 K and critical fields Bc up to 10 T. Resonant behavior 

of λ/4 structures coupled to a feed line is demonstrated in the 
frequency range 1.5 GHz < f < 4.5 GHz. 

[1] J. Cao et al., Nature Materials 4, 745 (2005).

[2] D. R. Schmid et al., Phys. Rev. B 91, 155435 (2015).

[3] A. K. Hüttel et al., Nano Letters 9, 2547 (2009).

[4] P. L. Stiller et al., physica status solidi (b) 250, 2518 (2013).

[5] J. Moser et al., Nature Nanotechnology 9, 1007 (2014).

[6] M. R. Delbecq et al., Phys. Rev. Lett. 107, 256804 (2011).

[7] V. Ranjan et al., Nature Communications 6, 7165 (2015).

[8] E. Lerner and J. G. Daunt, Physical Review 142, 251 (1966).

[9] B. H. Schneider et al., Scientific Reports 2, 599 (2012).

[10] V. Singh et al., Appl. Phys. Lett. 105, 222601 (2014).

Co-sputtered Re/Mo superconducting coplanar stripline resonators compatible  
with in-situ carbon nanotube growth

S. Blien, P. L. Stiller, K. Götz, T. Huber, T. Mayer, C. Strunk, and Andreas K. Hüttel
Institute for Experimental and Applied Physics, University of Regensburg, 93040 Regensburg, Germany
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Quantum computing becomes viable when a quantum state 
can be preserved from environmentally-induced error.  If 

quantum bits (qubits) are sufficiently reliable, errors are sparse 
and quantum error correction (QEC) is capable of identifying 
and correcting them. Adding more qubits improves the preser-
vation by guaranteeing increasingly larger clusters of errors will 
not cause logical failure – a key requirement for large-scale sys-
tems. Using QEC to extend the qubit lifetime remains one of the 
outstanding experimental challenges in quantum computing. 

I will discuss a recent experiment where we protect classical 
states from environmental bit-flip errors and demonstrate the 
suppression of these errors with increasing system size. We 
use a linear array of nine qubits, which is a natural precursor 

of the two-dimensional surface code QEC scheme and track er-
rors as they occur by repeatedly performing projective quantum 
non-demolition (QND) parity measurements. Relative to a single 
physical qubit, we reduce the failure rate in retrieving an input 
state by a factor of 2.7 for five qubits and a factor of 8.5 for nine 
qubits after eight cycles. Additionally, we tomographically verify 
preservation of the non-classical Greenberger-Horne-Zeilinger 
(GHZ) state.  

The successful suppression of environmentally-induced errors 
strongly motivates further research into the many exciting chal-
lenges associated with building a large-scale superconducting 
quantum computer.

State preservation by repetitive error detection in superconducting qubits
John Martinis
University of California, Santa Barbara, and Google, Inc., USA

09:00
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Semiconductor quantum dots (QDs) are promising artificial 
atoms for quantum information processing: they can gener-

ate flying quantum bits in the form of single photons; they show 
single photon sensitivity that can be used to develop quantum 
logic gates and, last but not least, the spin of a carrier trapped 
in a QD can be used as a quantum memory. The scalability of 
a QD based quantum network requires efficient interfaces be-
tween stationary and flying quantum bits. In the last few years, 
our group has made important progresses in this direction using 
cavity quantum electrodynamics.

With a deterministic positioning of a single QD in a microcavity, 
we control the QD spontaneous emission on demand, either in 
the weak or strong coupling regime [1]. With such a tool, we 
fabricate ultrabright single photon sources: each single photon 
emitted by the QD is collected with 80% probability [2]. By mini-
mizing the charge noise around the QD in a gated structure [3], 
we demonstrate the generation of fully indistinguishable pho-
tons, with very high single photon purity [4]. The brightness 
of the source is shown to exceed by two orders of magnitude 
the one of a parametric down-conversion source with similar  

properties. Symmetrically, we have made important progresses 
in the development of an efficient interface between a flying 
quantum bit and a stationary one. A single spin in a cavity is 
shown to rotate the polarization of photons by few degrees de-
pending on the spin state [5]. Most recently, we have reached 
the regime where coherent control of a quantum bit can be done 
when only few photons are sent on the device [4]. 

[1] A. Dousse, et al. , Phys. Rev. Lett. 101, 267404 (2008) -  
A. Dousse, et al. , Appl. Phys. Lett. 94, 121102 (2009).

[2] O. Gazzano, et al. , Nature Communications 4, 1425 (2013).

[3] A. Nowak. et al., Nature Communications 5, 3240 (2014).

[4] C. Arnold. et al., Nature Communications 6, 6236 (2015).

[5] V. Giesz, N. Somaschi, L. De Santis, in preparation.

Highly efficient quantum devices based on quantum dots in microcavities
V. Giesz, N. Somaschi, L. De Santis, J. Demory, C. Anton, I. Sagnes, A. Lemaitre, L. Lanco, and Pascale Senellart

Laboratoire de Photonique et de Nanostructures, CNRS-LPN, Route de Nozay, 91460 Marcoussis, France
10:00
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Resonance fluorescence is the archetypical quantum-me-
chanical light-matter interaction process. For a single emit-

ter, nonclassical effects like photon antibunching and squeezing 
have been observed. For two emitters, interference effects dras-
tically change the fluorescence properties, which now depend 
on the spatial arrangement of the emitters determining the in-
dividual phases with which the emitters couple to light. Here, 
we report on the preparation of two 87Rb atoms pinned in a two-
dimensional optical lattice within an optical cavity. Imaging of 
fluorescence light collected during cooling intervals allows for 

single-site detection of the atoms, while the resonator guaran-
tees interference for distant atoms. We observe cavity-induced 
saturation of fluorescence for constructive interference and 
emission of strongly bunched light for destructive interference, 
and explain the latter as a result of superradiant decay follow-
ing atomic saturation. Our experimental setting allows one to 
realize the Tavis-Cummings model for larger numbers of atoms 
and photons, further investigate fundamental effects in quantum 
optics, and implement new quantum information processing 
protocols.

Resonance fluorescence of spatially ordered atoms in an optical cavity
Stephan Ritter, A. Neuzner, M. Körber, O. Morin, and G. Rempe
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

11:30
New Paradigms for Scalable Quantum Simulators

Enrique Solano
University of the Basque Country, Bilbao, Spain

We will propose three novel paradigms for the successful 
implementation of scalable quantum simulators in quan-

tum technologies: i) Complexity simulating complexity, ii) Dig-
ital-analog quantum simulators, and iii) Embedding quantum 

simulators. We will provide interdisciplinary examples in dif-
ferent quantum platforms, as is the case of trapped ions, cavity 
QED, quantum photonics, and superconducting circuits.
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Here, we report on an experiment that demonstrates that col-
lective effects improve the performance of a quantum inter-

face between atomic qubits and single photons [1]. 

We first prepare a maximally entangled state of two ions and 
couple both ions with equal strength to the mode of an optical 
cavity. The phase of the entangled state determines the coupling 
strength of the collective state of the ions to the cavity. By chang-
ing this phase, we explore the sub- and the superradiant regimes 
of the ion-cavity system [2]. In these regimes, the emission of a 
single photon into the cavity is suppressed or enhanced [1,3]. 
Finally, we encode a single qubit in the two-ion superradiant 
state and show that this encoding enhances the transfer of quan-
tum information onto a photon when compared with the case in 
which the information is encoded in a single ion.

These results provide a possible path towards the implemen-
tation of efficient distributed quantum computing using small-
scale ion-based quantum computers in optical cavities.

[1] B. Casabone, K. Friebe, B. Brandstätter, K. Schüppert, R. 
Blatt, and T. E. Northup, Phys. Rev. Lett. 114, 023602 (2015).

[2] R. H. Dicke, Phys. Rev. 93, 99 (1954).

[3] René Reimann, Wolfgang Alt, Tobias Kampschulte, Tobias 
Macha, Lothar Ratschbacher, Natalie Thau, Seokchan Yoon, 
and Dieter Meschede, Phys. Rev. Lett. 114, 023601 (2015).

Enhanced quantum interface with collective ion-cavity coupling
Bernard Casabone, K. Friebe, K. Schüppert, D. Fioretto, M. Lee, J. Schupp, F. Ong, R. Blatt, T. E. Northup
Institut für Quantenoptik und Quanteninformation, Österreichische Akademie der Wissenschaften,  
Technikerstraße 21a, 6020 Innsbruck, Austria

I will present our progress toward the demonstration of a com-
pletely passive scheme for deterministic state transfer be-

tween a single photon and a single atom and vice versa. Based 
on a series of theoretical works [1-5], this scheme relies on a 
3-level Λ system coupled to a single mode waveguide (a single 
87Rb atom interacting with a fibre-coupled microsphere resona-
tor in our case). This scheme swaps a flying qubit, encoded in 
the two possible modes of the photon, with a stationary qubit, 
encoded in the two ground states of the atom: the state of the 
incoming photon is mapped to the state of the atom, and the 
state of the atom is mapped to the state of the outgoing photon 
[2].  Beyond performing as a passive photonic quantum memory, 
this scheme can in principle be modified to perform a universal 

quantum gate  [3]. The scheme is completely passive, 
requiring no control fields beyond the single photon’s pulses.

In the first experimental realization of this scheme [6], the state 
of the atom was shown to be determined by the direction of an 
in-coming single-photon pulse sent through the fiber. The state 
of the atom was read by a subsequent photon, thereby realiz-
ing all-optical switching of single photons by single photons. 
We then applied this scheme for demonstrating deterministic 
single-photon extraction from an incoming pulse with arbitrary 
number of photons [7]. This scheme, which can be applied with 
any atom-like 3-level Λ system, provides a building block for 
scalable quantum networks based on completely passive nodes 
interconnected and activated solely by single photons.

[1] D. Pinotsi & A. Imamoglu, Phys. Rev. Lett. 100, 093603 
(2008).

[2] G. Lin, X. Zou, X. Lin, and G. Guo, Europhysics Let-
ters 86, 30006 (2009).

[3] K. Koshino, S. Ishizaka & Y. Nakamura, Phys. Rev. 
A 82, 010301(R) (2010).

[4] S. Rosenblum, A.S. Parkins & B. Dayan, Phys. Rev. 
A 84, 033854 (2011).

[5] S. Rosenblum & B. Dayan, arXiv: quant-ph 1412.0604 
(2014).

[6] I. Shomroni, S. Rosenblum, Y. Lovsky, O. Bechler, G. Guen-
delman & B. Dayan, Science 345, 903 (2014).

[7] S. Rosenblum, O. Bechler, Y. Lovski, I. Shomroni, G. Guen-
delman, and B. Dayan,  submitted (2015).

Coherent Photon-Atom Swap
S. Rosenblum, O. Bechler, Y. Lovski, G. Guendelman, U. Shafir and Barak Dayan

AMOS and Department of Chemical Physics, Weizmann Institute of Science, Rehovot 76100, Israel

Tutorial



WED WED

32 33Talks // Session 5 Talks // Session 5

Session 5 // Chair: Gerhard Rempe Session 5 // Chair: Gerhard Rempe

NIM Conference on Resonator QED 2015 NIM Conference on Resonator QED 2015

Notes

15:00

Notes

16:00

I will report on recent experimental investigations of the inter-
action between single rubidium atoms and light confined in 

a whispering-gallery-mode (WGM) bottle microresonator. These 
resonators offer the advantage of very long photon lifetimes 
in conjunction with near lossless in- and out-coupling of light 
via tapered fiber couplers. We recently demonstrated, that the 
strong confinement of light leads to a strong longitudinal polar-
ization component that oscillates in quadrature with the trans-
versal component. As a consequence, the corresponding photon 
spin is intrinsically linked to the direction of propagation of the 
light: the photons obtain a chiral character [1,2].  

We investigated this phenomenon experimentally and theoreti-
cally for single 85Rb atoms strongly coupled to a WGM microres-
onator and demonstrated that the chiral character of the guided 
photons fundamentally changes the light-matter interaction [1]. 
Taking advantage of this effect, we realized a fiber-optical switch 
[3] and a fiber-integrated optical diode [4] where the internal 
state of a single atom determines the propagation direction of 
the light. 

Furthermore, we exploited the strong nonlinear response of the 
atom-resonator system to realize an optical Kerr-nonlinearity at 
the level of single photon [5]. Analyzing the transmitted light, 
we observe a nonlinear phase shift of pi between the cases of 
one and of two photons passing the resonator. This phase shift 
implements an effective photon-photon interactions and gener-
ates entanglement between previously independent fiber-guided 
photons, which we verify by performing a full quantum state to-
mography of the transmitted two-photon state.

[1] C. Junge et al., Phys. Rev. Lett. 110, 213604 (2013).

[2] J. Petersen et al., Science 346, 67 (2014).

[3] D. O’Shea et al., Phys. Rev. Lett. 111, 193601 (2013).

[4] C. Sayrin et al., arXiv:1502.01549 (2015).

[5] J. Volz et al., Nat. Photonics 8, 965–970 (2014).

Coupling, controlling, and processing chiral photons with a single atom 
Jürgen Volz, A. Hilico, M. Scheucher, E. Will,  and A. Rauschenbeutel
Vienna Center for Quantum Science and Technology, TU Wien - Atominstitut, 1020 Wien, Austria

Two atoms simultaneously interacting with the field of an 
optical cavity allow elementary cooperative processes to be 

studied. Efficient cooling methods have enabled the observation 
of constructive and destructive interference of collective Ray-
leigh scattering into the cavity mode. Quantitative explanations 
are provided by a classical model as well as by a quantum me-
chanical model based on Dicke states. We furthermore use the 
light emitted via the cavity to extract optimal information on the 
relative positions of the atoms.

Optical fiber cavities offer a promising route for miniaturization 
and integration of quantum-optical systems into optical net-
works to realize e.g. memories for quantum repeaters. For the 

interaction with narrow atomic transitions highly stable cavities 
are required. I will present recent advances regarding active and 
passive stabilization of miniaturized optical cavities.

[1] R. Reimann et al., Phys. Rev. Lett. 114, 023601 (2015).

[2] R. Reimann et al., New J. Phys. 16, 113042 (2014).

[3] S. Gammelmark, Phys. Rev. A 89, 043839 (2014).

Two Atoms Interacting with an Optical Cavity and Stable Optical Fiber Cavities 
Dieter Meschede, S. Alawi, W. Alt, M. Dorantes, J. Gallego, S. Ghosh, T. Macha, L. Ratschbacher, R. Reimann,  

N. Thau, S. Yoon
Institute of Applied Physics, University of Bonn, 53115 Bonn, Germany
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Optical fiber Fabry-Pérot (FFP) microcavities with CO2 laser-
machined mirrors [1,2] are a powerful tool for optical cavity 

QED which is rapidly spreading in the AMO as well as solid-state 
communities. After a short introduction to this cavity type and 
its recent developments, I will focus on recent experiments with 
atomic ensembles in FFP cavities. In these experiments, nonde-
structive detection of atomic hyperfine qubits, in the single-atom 
strong-coupling regime, enables the generation of multiparticle 
entanglement by elementary quantum feedback [3] and Quan-
tum Zeno dynamics [4]. Furthermore, the cavity also serves for 
quantum state tomography of the resulting quantum states at the 
single-particle level.

[1] Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, D. Hunger 
& J. Reichel, Strong atom-field coupling for Bose-Einstein 
condensates in an optical cavity on a chip, Nature 450, 272-276 
(2007).

[2] D. Hunger, T. Steinmetz, Y. Colombe, C. Deutsch, T. W. Hän-
sch & J. Reichel, A fiber Fabry-Perot cavity with high finesse, 
New J. Phys. 12, 065038 (2010).

[3] F. Haas, J. Volz, R. Gehr, J. Reichel & J. Estève, Entangled 
states of more than 40 atoms in an optical fiber cavity, Science 
344, 180 (2014).

[4] G. Barontini, L. Hohmann, F. Haas, J. Estève & J. Reichel, 
Deterministic Generation of Multiparticle Entanglement by 
Quantum Zeno Dynamics, submitted to Science (2015).

Creating multi-atom entanglement in optical fiber microcavities
G.Barontini, L. Hohmann, F. Haas, K. Ott, S. Garcia, F. Ferri, J. Estève, R.Long and Jakob Reichel
Laboratoire Kastler Brossel, ENS/CNRS/UPMC/CdF, Paris, France

17:00

The back-action of a quantum measurement can completely 
modify the evolution of a quantum system and even freeze 

its evolution [1]. If the eigenspace corresponding to the result 
of the measurement is degenerated, the evolution of the system 
can be confined to the corresponding subspace: this is the Quan-
tum Zeno Dynamics (QZD) [2,3].

We have experimentally implemented QZD in the Stark manifold 
of a Rydberg atom [4]. Under the effect of a purely s+ polar-
ized radio-frequency field, our atom initially in the circular state 
behaves as a J = 25 spin, which rotates between the north pole 
and the south pole of a generalized Bloch sphere. By repeatedly 
asking the system “have you crossed a given latitude?”, we can 
confine the evolution of the spin to the polar cap of the Bloch 
sphere. The observed dynamics is utterly non-classical. 

We have experimentally recorded the population of the different 
m sublevels as a function of the RF drive duration and confirmed 
that the dynamics of the atom was confined in the first states of 
the spin ladder. We have also measured the Q function of the 
spin for different interaction times, and clearly seen the phase 
space distribution disappearing from one side of the LL and re-

appearing on the other, while being transiently in a superposi-
tion of two spin coherent states with different phases. To dem-
onstrate the quantum coherence of this superposition, we have 
reconstructed the full density matrix of the atom at the inversion 
time and computed its Wigner function.

QZD is a novel way to perform quantum state engineering and 
opens promising perspectives for study of decoherence, as well 
as quantum information processing and metrology beyond the 
standard quantum limit.

[1] Misra, B. and Sudarshan, E. C. G., J. Math. Phys. 18, 756 
(1977).

[2] Facchi, P. and Pascazio, Phys. Rev. Lett. 89, 080401 (2002).

[3] Raimond, J. M. et al, Phys. Rev. Lett. 105, 213601 (2010).

[4] A. Signoles et al, Nature Physics 10, 715-719 (2014) .

Quantum Zeno dynamics of a Rydberg atom
Sébastien Gleyzes, A. Signoles, A. Facon, D. Grosso, I. Dotsenko, S. Haroche, J.M. Raimond and M. Brune

Laboratoire Kastler Brossel, Collège de France, CNRS, ENS-PSL Research University,  
UPMC-Sorbonne Universités, 11 Place Marcelin Berthelot, 75005 Paris, France
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Photon Blockade with Memory
Haytham Chibani, C. Hamsen, T. Wilk, and G. Rempe
Max-Planck-Institute of Quantum Optics, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

The realization of nonlinear systems able to mediate strong 
interactions between light fields at the few photon level in 

an environment with minimal absorption represents a corner-
stone for future developments of quantum information science 
and photonic quantum technologies. One approach to reach this 
goal is via strong coupling of single emitters to optical cavities as 
provided by cavity QED. The other one is via electromagnetically 
induced transparency (EIT) with single atoms or with atomic 

ensembles. We study a system which merges both single-atom 
cavity QED in the strong coupling regime with single-atom cav-
ity EIT. We demonstrate the ability of this system to generate 
various non-classical states of light including a novel photon 
blockade with a “memory” effect provided by the large coher-
ence of EIT. Our findings open new avenues for quantum state 
engineering and quantum simulation.

The Jaynes-Cummings model, describing the interaction be-
tween quantum bits and photons in a single cavity mode, 

perhaps constitutes the most famous and experimentally studied 
paradigm for quantum light-matter interactions. The model ac-
curately characterizes a number of different and tremendously 
successful experimental platforms. At the same time, as an ex-
actly solvable model, there are theoretically well-developed pro-
tocols to implement important tasks such as in quantum infor-
mation processing.

Recently, a newer paradigm for quantum light-matter interac-
tions has emerged, based upon the coupling of quantum bits 
to waveguides and 1D and 2D photonic crystal structures. In 
this tutorial, we will present an overview of the experimental 
platforms in which this paradigm is currently being explored, 
including superconducting qubits coupled to transmission lines 
[1,2], atoms coupled to nanofibers [3], and quantum dots and 
atoms coupled to photonic crystals [4,5]. The question of how 
to best leverage these systems to control quantum interactions 
and observe new quantum phenomena remains largely open. We 
will discuss some of the novel directions identified thus far, in-
cluding chiral behavior [6], atomic self-organization [7], and the 

engineering of long-range interactions between quantum bits, 
their motion, and/or photons [8]. Finally, we will speculate on 
turns this field might take in the near-future.

[1] I.-C. Hoi et al, Phys. Rev. Lett. 107, 073601 (2011).

[2] A.F. van Loo et al, Science 342, 1494 (2013).

[3] E. Vetsch et al, Phys. Rev. Lett. 104, 203603 (2010).

[4] A. Goban et al, Nature Commun. 5, 3808 (2014).

[5] M. Arcari et al, Phys. Rev. Lett. 113, 093603 (2014).

[6] J. Petersen et al, Science 346, 67 (2014).

[7] D.E. Chang et al, Phys. Rev. Lett. 110, 113606 (2013).

[8] J.S. Douglas et al, Nature Photon. 9, 326 (2015).

New opportunities in low-dimensional QED systems 
Darrick E. Chang

ICFO – Institut de Ciencies Fotoniques, 08860 Castelldefels (Barcelona), Spain

Tutorial
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Interfacing light with cold atoms localized near photonic crys-
tal waveguides (PCWs) [1-3] presents new opportunities for 

realizing scalable quantum networks and novel quantum phases 
of light and matter. In this talk, I will present recent experimen-
tal results on cooling, stable trapping, and interfacing multiple 
atoms with guided mode photons in a hybrid atom-nanopho-
tonic system [3]. With powerful photonic band dispersion and 
modal engineering [1, 2], we achieved strong radiative coupling 
between single atoms and photons, and observed superradiant 
emission from an array of atoms trapped along a quasi-one di-
mensional PCW [3]. Using this hybrid platform, I will discuss 
exciting new prospects of engineering novel photon transport as 
well as the exploration of many-body physics with strongly inter-
acting light and matter by way of tunable, long-range atom-atom 
interactions mediated by guided mode photons [4, 5]. 

[1] C.-L. Hung, S. M. Meenehan, D. E. Chang, O. Painter, H. J. 
Kimble New Journal of Physics 15 (8), 083026 (2013).

[2] A. Goban, C.-L. Hung, S. -P. Yu, J. D. Hood, J. A. Muniz, J. 
H. Lee, M. J. Martin, A. C. McClung, K. S. Choi, D. E. Chang, 
O. Painter, and H. J. Kimble, Nature Communications 5, 3808 
(2014).

[3] A. Goban, C.-L. Hung, J. D. Hood, S.-P. Yu, J. A. Muniz, O. 
Painter, and H. J. Kimble, arXiv:1503.04503 (2015).

[4] J. S. Douglas, H. Habibian, C.-L. Hung, A. V. Gorshkov, H. J. 
Kimble, and D. E. Chang, Nature Photonics 9, 326 (2015).

[5] A. González-Tudela, C.-L. Hung, D. E. Chang, J. I. Cirac, and 
H. J. Kimble, Nature Photonics 9, 320 (2015).

Strong atom-light interaction in photonic crystal waveguides
Chen-Lung Hung1,2, A. Goban2, J. D. Hood2, S.-P. Yu2, J. A. Muniz2, O. Painter2, and H. J. Kimble2

1 Purdue University, West Lafayette, IN 47907, USA (present address)
2 California Institute of Technology, Pasadena, CA 91125, USA

11:00

Lattices of superconducting resonators are currently emerg-
ing as a promising quantum simulation platform [1]. This 

interest is motivated by their options for high precision control 
and measurement access as well as the versatility of possible 
lattice architectures. One particularly appealing avenue is the 
possibility for coupling resonators not only via linear capacitive 
or inductive circuits but through a non-linear quantum circuit 
featuring Josephson junctions. If such non-linear couplings are 
implemented via a dc-SQUID, they can be driven and tuned via 
time-independent or even time-depended magnetic fluxes that 
are threaded through the SQUID loops. 

I will explain how this mode of operation can lead to interac-
tions between excitations on different lattice sites that may 
even exceed on-site interactions. This scenario is somewhat 
complementary to naturally occurring interactions, which typi-

cally decay with distance. In a second step, I will then consider 
time-dependent modulations of the coupling circuits and show 
how these can be used to implement four-body interactions and 
simulate the Hamiltonian of the Toric Code. 

[1] A. A. Houck, H. E. Türeci, and J. Koch, Nat. Phys. 8, 292–299 
(2012).

[2] J. Jin, D. Rossini, R. Fazio, M. Leib, and M. J. Hartmann, Phys. 
Rev. Lett. 110, 163605 (2013).

[3] A. Kitaev, Ann. Phys. 303, 2 (2003).

[4] M. Sameti et al. , in preparation (2015).

Resonator Lattices with Nonlinear Inter-Site Coupling
M. Sameti, and Michael J. Hartmann

Institute of Photonics and Quantum Sciences (IPaQS), Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom
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systems 

Peter Lodahl
Quantum Optics in One-Dimensional Direction-
al Photonic Reservoirs

10:00 Per Delsing
Interaction between propagating phonons and a 
superconducting qubit

Pascale Senellart
Highly efficient quantum devices based on 

quantum dots in microcavities

Chen-Lung Hung
Strong atom-light interaction in photonic crys-
tal wave guides

Manfred Bayer
Rydberg excitons in cuporus oxide

10:30 Coffee Break Coffee Break Coffee Break Coffee Break

11:00 Kai Müller
Generation of non-classical light on-chip using 
cavity quantum-electrodynamics

Stephan Ritter
Resonance fluorescence of spatially ordered 
atoms in an optical cavity

Michael Hartmann
Resonator Lattices with nonlinear Inter-Site 
Coupling

Edo Waks
Quantum nanophotonics: controlling light with 
a single quantum dot

11:30 Dan Stamper-Kurn
Atoms acting as mechanical and spin oscillators 
within a driven optical resonator

Enrique Solano
New Paradigms for Scalable Quantum  
Simulators

Jérôme Bourassa
Fast quantum non-demolition readout (...)

David Hunger
Fiber-based Fabry-Perot microcavities

11:45 Lukas Neumeier
Self-induced back-action optical trapping (...)

Henk Snijders
Coherence of Quantum dots in Microcavities

12:00 Registration Achim Marx
Ultrastrong coupling in 2-resonator circuit QED

Bernardo Casabone
Enhanced quantum interface with collective 
ion-cavity coupling

Poster Award Ceremony
sponsored by Applied Physics B

11:30
Conference Closing

12:15 Peter Domokos
Bistability in small quantum systems

Conference Photo

12:30 
- 
14:00

Lunch Break Lunch Break Lunch Break Lunch Break

13:45 Conference Opening

SESSION 1
Chair: Enrique Solano

SESSION 3
Chair: Per Delsing

SESSION 5
Chair: Gerhard Rempe

SESSION 7
Chair: Peter Lodahl

14:00 Alexandre Blais
T.B.A.

Florian Marquardt
Cavity Optomechanics and Circuit Nanoelectro-
mechanics

Barak Dayan
Coherent Photon-Atom Swap

Yasunobu Nakamura
Impedance-matched Λ system in a supercon-
ducting waveguide 

Labtours MPQ, WMI, WSI

14:30 Frank Deppe
Spin-boson model with an engineered reser-
voir in circuit QED

15:00 Andreas Wallraff
Realizing Quantum Simulations with Super-
conducting Circuits

Tobias Kippenberg
T.B.A.

Jürgen Volz
Coupling, controlling, and processing chiral 
photons with a single atom

Mete Atatüre
Quadrature Squeezed Single Photons from a 
Quantum Dot

15:30 Coffee Break Coffee Break Coffee Break Coffee Break

16:00 Patrice Bertet
Magnetic resonance at the quantum limit

Mika Sillanpää
Squeezing of quantum noise of motion in a mi-
cromechanical resonator

Dieter Meschede
Two Atoms Interacting with an Optical Cavity 
and Stable Optical Fiber Cavities

Andreas Reiserer
Quantum networks with spin qubits in diamond

16:30 Jörg Wrachtrup
Photon storage, retrieval and entanglement via a 
hybrid spin system

Oriol Romero-Isart
Strong Single-Photon Coupling Regime in Cavity 
Quantum Nanomechanics

Jakob Reichel
Creating multi-atom entanglement in optical 
fiber microcavities

Stephan Dürr
Single-Photon Transistor Based on Rydberg 
Blockade

17:00 Mehdi Abdi
Non-Classical States of a Mechanical Resonator (...)

Sébastien Gleyzes
Quantum Zeno dynamics of a Rydberg atom

Tobias Simmet
Electron spin decoherence in individual InGaAs QDs

Departure

17:15 Andreas K. Hüttel
Co-sputtered Re/Mo sc stripline resonators (...)

Haytham Chibani
Photon Blockade with Memory

Alisa Javadi
A single QD in a photonic-crystal waveguide (...)

17:30-

19:15

Poster Session 1
Beer sponsored by attocube systems

Poster Session 2
Beer sponsored by attocube systems 19:00 

Conference Dinner
Zum Augustiner 
Neuhauser Str. 27, 80331 Munich

Tutorial

TutorialTutorialTutorial

Tutorial

TutorialTutorial Tutorial



Notes

THU

42 43Talks // Session 6 Talks // Session 6

Session 6 // Chair: Edo Waks Session 6 // Chair: Edo Waks

NIM Conference on Resonator QED 2015 NIM Conference on Resonator QED 2015

THU

Notes

11:30 11:45

To meet the stringent requirements of fault-tolerant quantum 
computation, qubit-state readout must be fast, quantum 

non-demolition (QND) and of high-fidelity. A common approach 
to realize this is the dispersive regime of cavity QED [1]. There 
the cavity frequency is modified to take a qubit-state dependent 
value. Under a coherent tone, the cavity state evolves to qubit-
state dependent coherent states which are then measured with 
homodyne detection. Combined with near quantum-limited am-
plification [2] this approach has led to high-fidelity readout with 
superconducting qubits [3].

However, higher-order effects such as Purcell decay and mea-
surement-induced qubit transitions [4] spoil the QND charac-
ter of the readout. Hence both the cavity damping rate and the 
measurement photon number cannot be made arbitrarily large, 
limiting the measurement speed and fidelity.

In this talk we show how to realize a fast, high-fidelity QND qubit 
readout using longitudinal qubit-oscillator interaction [5]. This 
is realized by modulating the longitudinal coupling at the cavity 
frequency. The qubit-oscillator interaction then acts as a qubit-
state dependent drive on the cavity. The longitudinal readout 

is QND by design and can operate at large displacements and 
damping rates, a regime not accessible with dispersive readout. 
Moreover, single-mode squeezing can be exploited to exponen-
tially increase the signal-to-noise ratio. We present an imple-
mentation of this idea in circuit quantum electrodynamics and a 
possible multi-qubit architecture.

[1] S. Haroche and J.-M. Raimond, Exploring the Quantum: 
Atoms, Cavities, and Photons, Oxford University Press (2006).

[2] C. Eichler et al. , Phys. Rev. Lett. 113, 110502 (2014).

[3] E. Jeffrey  et al. , Phys. Rev. Lett 112, 190504 (2014).

[4] M. Boissonneault et al., Phys. Rev. A 79, 013819 (2009); D. 
H. Slichter et al., Phys. Rev. Lett. 109, 153601 (2012).

[5] A. J. Kerman, New J. Phys. 15, 123011 (2013); P.M. Billan-
geon et al., Phys. Rev. B 91, 094517 (2015).

Fast quantum non-demolition readout from longitudinal qubit-oscillator interaction 
N. Didier1,2, Jérôme Bourassa3, and A. Blais2,4

1 Department of Physics, McGill University, 3600 rue University, Montreal, Quebec H3A 2T8, Canada 

2 Départment de Physique, Université de Sherbrooke, 2500 boulevard de l‘Université, Sherbrooke, Québec J1K 2R1, Canada 

3 Cégep de Granby, 235, rue Saint-Jacques, Granby, Québec J2G 9H7, Canada

Optical trapping is an indispensable tool in physics and the 
life sciences. Famous examples of its use are optical levita-

tion and cooling of nanoscale particles, the manipulation and 
stretching of DNA, and recently, even trapping of individual  
HIV-1 viruses. However, there is a clear trade off between the 
size of a particle to be trapped, its spatial confinement, and the 
intensities required. This is due to the decrease in optical re-
sponse of smaller particles and the diffraction limit that governs 
the spatial variation of optical fields. It is thus highly desirable 
to find techniques that surpass these bounds. Recently, a num-
ber of experiments using nanophotonic cavities have observed 
a qualitatively different trapping mechanism described as “self-

induced back-action trapping” (SIBA). In these systems, the par-
ticle motion couples to the resonance frequency of the cavity, 
which results in a strong interplay between the intra-cavity field 
intensity and the forces exerted. Here, we provide a theoretical 
description that for the first time captures the remarkable range 
of consequences. In particular, we show that SIBA can be ex-
ploited to yield dynamic reshaping of trap potentials, strongly 
sub-wavelength trap features, and significant reduction of inten-
sities seen by the particle, which should have important implica-
tions for future trapping technologies. 

Self-induced back-action optical trapping in nanophotonic systems 
Lukas Neumeier, R. Quidant, D. E. Chang

ICFO - Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona), Spain
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Poster Award Ceremony  (Thursday, 12:00)

The journal Applied Physics B is sponsoring a poster prize at 
our conference! The prize winners will be announced during the 
award ceremony at the end of Session 7.

There will be a prize money which will be divided between the 
winner, second prize and third prize. The Resonator QED 2015 
Poster Award will be presented to the winners by Prof. Dieter 
Meschede, the Editor-in-Chief of Applied Physics B.

The jury consists of distinguished scientists from different fields  
and who are selected by the Program Committee. They will  
evaluate the posters based on the following criteria:

1. Scientific content (novelty, originality, impact) 

2. Clarity of presentation and comprehensibility for a broad  
    scientific audience

3. Attractiveness of design  

Poster Award & Photo

Notes

14:00

A superconducting qubit is a macroscopic artificial atom with 
an extremely large electric or magnetic dipole moment. 

When embedded in a coplanar waveguide, the qubit couples 
to the 1D microwave waveguide very strongly; the spontaneous 
emission rate of the atom into the 1D channel, Γ, is much larger 
than the decay rate into other channels, γ, and the dephasing 
rate, γᵩ, i.e., Γ >> γ, γᵩ. It allows perfect spatial-mode matching 
between the incident and the scattered microwaves, which re-
sults in the extinction of the transmission at the resonance be-
cause of the destructive interference [1].

Such interference is the key concept in the so-called waveguide 
QED and leads to a more intriguing effect in a Λ-type three-level 
system coupled to the end of a semi-infinite waveguide. When 
the Λ system has two selective decay channels with equal rates, 
from the excited state to the two lowest-energy states, it realizes 
deterministic quantum gates between the photon and the atom 
as well as between two consecutive photons [2]. It also works as 
a deterministic photon absorber, converter and detector [3-5]. 

We have implemented a Λ system by using the dressed states 
formed in a driven circuit consisting of a superconducting flux 
qubit and a resonator [4,6]. Deterministic absorption (as in an 
impedance-matched termination) and down-conversion of a 

weak coherent microwave were demonstrated experimentally 
[6]. We also demonstrated time-gated single microwave-photon 
detection with an efficiency of 66±10% [7]. The scheme has an 
advantage that the efficiency is insensitive to the temporal mode 
shape of the signal photon, as long as it is within the bandwidth 
of the detector limited by the decay rate of the Λ system. 

[1] O. Astafiev et al., Science 327, 840 (2010).

[2] K. Koshino, S. Ishizaka, and Y. Nakamura, Phys. Rev. A 82, 
010301(R) (2010).

[3]K. Koshino, Phys. Rev. A 79, 013804 (2009).

[4] K. Koshino, K. Inomata, T. Yamamoto, and Y. Nakamura, 
Phys. Rev. Lett. 111, 153601 (2013).

[5] K. Koshino et al., Phys. Rev. A 91, 043805 (2015). 

[6] K. Inomata et al., Phys. Rev. Lett. 113, 063604 (2014).

[7]K. Inomata et al., in preparation.

Impedance-matched Λ system in a superconducting waveguide 
Yasunobu Nakamura 

RIKEN Center for Emergent Material Science (CEMS), Wako, Saitama 351-0198, Japan, and 
Research Center for Advanced Science and Technology (RCAST), The University of Tokyo, Meguro-ku, Tokyo 153-8904, Japan

Conference Photo (Thursday, 12:15)

All conference participants are asked to gather at the end of Session 7 to take a conference photo.  
The location will be announced on short hand.
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A superconducting qubit coupled to an open transmission line 
represents an implementation of the spin-boson model with 

a broadband environment. We show that this environment can 
be engineered by introducing partial reflectors into the trans-
mission line, allowing one to shape the spectral function, J(ω), of 
the spin-boson model [1]. The spectral function can be accessed 
by measuring the resonance fluorescence of the qubit, which 
provides information on both the engineered environment and 
the coupling between qubit and transmission line. The spectral 
function of a transmission line without partial reflectors is found 
to be Ohmic over a wide frequency range, whereas a peaked 

spectral density is found for the shaped environment. Our work 
lays the ground for future quantum simulations of other, more 
involved, impurity models with superconducting circuits.

We acknowledge support by the German Research Foundation 
through SFB 631 and FE 1564/1-1, the EU project PROMISCE, 
and Elite Network of Bavaria through the program ExQM.

[1] M. Haeberlein et al., ArXiv:1506.09114 (2015).

Spin-boson model with an engineered reservoir in circuit QED
Frank Deppe1,2,3, M. Haeberlein1,2, J. Goetz,1,2 P. Eder1,2,3, K. Fedorov1,2, M. Fischer1,2, E. P. Menzel1,2, F. Wulschner1,2, E. Xie1,2,3,  
L. Zhong1,2,3, A. Marx1, and R. Gross1, 2, 3

1 Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, 85748 Garching, Germany
2 Physik-Department, Technische Universität München, 85748 Garching, Germany
3 Nanosystems Initiative Munich (NIM), Schellingstraße 4, 80799 München, Germany

15:00

Heisenberg’s uncertainty principle governs the minimum 
fluctuations in the measurement of canonically conjugate 

variables such as position and momentum. Although this prin-
ciple cannot be violated, the fluctuations in the observed val-
ues of a single variable can be reduced below the level dictated 
by the vacuum by redistributing the fluctuations between the 
variables. The most common realization of this effect, known as 
squeezing, in nonclassical light, is in the quantum mechanical 
quadrature operators X’ of the electric field displaying variances 
smaller than the vacuum state. A variety of methods can be used 
to produce squeezed states of light, mostly relying on nonlinear 
effects in the generation of the states. The fundamental interac-
tion of a two-level atomic transition with a resonant light field 
entails multiple nonclassical phenomena, one of them being the 
squeezing of both the atomic dipole variances as well as the elec-
tric field quadratures. This effect was predicted over 30 years 
ago [1], and a number of landmark experiments on either atomic 
ensembles [2,3] or cavity coupled single atoms [4,5] have cap-
tured properties in the emitted light that originates from this in-
herent property. The demonstration that resonance fluorescence 
from a two-level system exhibits antibunching and squeezing 
simultaneously, however, has remained elusive. In this work, we 
use an artificial atom comprising a self-assembled quantum dot 
as a two-level system with a large oscillator strength and dem-

onstrate the degree of quadrature squeezing in the antibunched 
resonance fluorescence light field. The excitation laser is used 
as a local oscillator in a homodyne detection of the coherently 
scattered quantum dot photons [6]. A measurement of the in-
tensity autocorrelation of the superimposed light field allows us 
to detect the time-dependent electric field quadrature variances 
without loss-induced degradation of the observed squeezing. 

[1] D. F. Walls and P. Zoller, Phys. Rev. Lett., 47, 709 (1981).

[2] A. Heidmann and S. Reynaud, J. Phys. France, 46, 1937 
(1985).

[3] Z. H. Lu, S. Bali, J. E. Thomas, Phys. Rev. Lett., 81, 3635 
(1998).

[4] M. G. Raizen, L. A. Orozco, M. Xiao, T. L. Boyd,  
H. J. Kimble, Phys. Rev. Lett., 59, 198 (1987).

[5] A. Ourjoumtsev et al., Nature, 474, 623 (2011).

[6] W. Vogel, Phys. Rev. A, 51, 4160 (1995).

Quadrature Squeezed Single Photons from a Quantum Dot
C. H. H. Schulte, J. Hansom, A. E. Jones, C. Matthiesen, C. Le Gall and Mete Atatüre
Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, United Kingdom

http://www.arxiv.org/abs/1506.09114
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Quantum networks with spin qubits in diamond
Andreas Reiserer, H.Bernien, M. Blok, S. Bogdanovic, C. Bonato, J. Cramer, S. van Dam, A. Dreau, Bas Hensen, N. Kalb, 
 W. Pfaff, T. Taminiau, R. Hanson
Kavli Institute of Nanoscience, TU Delft, The Netherlands

The nitrogen-vacancy (NV) center in diamond gives access 
to few-qubit nuclear-spin registers [1] with exceptional co-

herence properties even at room temperature [2]. At cryogenic 
temperatures, entanglement between remote registers can be 
established via a joint measurement of single photons that are 
each entangled with the electron spin of one NV center [3]. The 
entanglement protocol is thus probabilistic but heralded, which 
allows for unconditional teleportation of a nuclear spin state via 
a previously established entanglement link [4]. Recent advances 
in sample fabrication lead to increased entanglement efficien-
cies and improved single-shot readout fidelity of the electron 
spin, which should facilitate a loophole-free test of Bell’s famous 
inequality [5] using two NV centers at a distance of 1.3 km. I will 
present our latest results with this respect, and discuss the pros-
pects towards scaling to larger quantum networks using cavity-
enhanced spin-photon coupling.

[1] L. Robledo, L. Childress, H. Bernien, B. Hensen, P. F. A. 
Alkemade, and R. Hanson, Nature 477, 574 (2011).

[2] P. C. Maurer, G. Kucsko, C. Latta, L. Jiang, N. Y. Yao, S. D. 
Bennett, F. Pastawski, D. Hunger, N. Chisholm, M. Markham, 
D. J. Twitchen, J. I. Cirac, and M. D. Lukin, Science 336, 1283 
(2012).

[3] H. Bernien, B. Hensen, W. Pfaff, G. Koolstra, M. S. Blok, L. 
Robledo, T. H. Taminiau, M. Markham, D. J. Twitchen, L. Chil-
dress, and R. Hanson, Nature 497, 86 (2013).

[4] W. Pfaff, B. J. Hensen, H. Bernien, S. B. van Dam, M. S. 
Blok, T. H. Taminiau, M. J. Tiggelman, R. N. Schouten, M. 
Markham, D. J. Twitchen, and R. Hanson, Science 345, 532 
(2014).

[5] N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani, and S. 
Wehner, Rev. Mod. Phys. 86, 419 (2014).

16:30
Single-Photon Transistor Based on Rydberg Blockade

D. Tiarks, S. Baur, K. Schneider, G. Rempe, and Stephan Dürr
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

An all-optical transistor is a device in which a gate light pulse 
switches the transmission of a target light pulse with a gain 

above unity. The gain quantifies the change of the transmitted 
target photon number per incoming gate photon. In Refs. [1,2], 
we study the quantum limit of one incoming gate photon and ob-
serve a gain of 20. The gate pulse is stored as a Rydberg excita-
tion in an ultracold gas. The transmission of the subsequent tar-
get pulse is suppressed by Rydberg blockade which is enhanced 
by a Förster resonance. The detected target photons reveal in a 
single shot with a fidelity above 0.86 whether a Rydberg excita-

tion was created during the gate pulse. The gain offers the pos-
sibility to distribute the transistor output to the inputs of many 
transistors, thus making complex computational tasks possible.

[1] S. Baur et al. PRL 112, 073901 (2014).

[2] D. Tiarks et al. PRL 113, 053602 (2014).



THU THU

50 51Talks // Session 7 Talks // Session 7

Session 7 // Chair: Peter Lodahl Session 7 // Chair: Peter Lodahl

NIM Conference on Resonator QED 2015 NIM Conference on Resonator QED 2015

Notes

The control of solid-state qubits for quantum information 
processing requires a detailed understanding of the mecha-

nisms responsible for decoherence. Considerable progress has 
been achieved in this field for qubit dynamics in strong exter-
nal magnetic fields; however decoherence at very low magnetic 
fields remains puzzling, in particular, the role of the quadrupole 
coupling of nuclear spins in this process is poorly understood. 
For spin qubits in semiconductor quantum dots, phenomenolog-
ical models of decoherence currently recognize two basic types 
of spin relaxation; fast ensemble dephasing due to the coher-
ent precession of spin qubits around nearly static but randomly 
distributed hyperfine fields (∼ 2 ns) and a much slower process 
(> 1 µs) of irreversible monotonic relaxation of the spin qubit 
polarization due to nuclear spin co-flips with the central spin or 
due to other complex many-body interaction effects. In this con-

tribution, we demonstrate experimentally and theoretically that 
such a view on decoherence is greatly oversimplified; the relax-
ation of a spin qubit state is determined by three rather than two 
distinct stages [1]. The additional stage corresponds to the effect 
of coherent dephasing processes that occur in the nuclear spin 
bath itself induced by quadrupolar coupling of nuclear spins to 
strain driven electric field gradients, which leads to a relatively 
fast but incomplete non-monotonic relaxation of the central spin 
polarization at intermediate (∼ 750 ns) timescales. This observa-
tion changes our understanding of the electron spin qubit deco-
herence mechanisms in solid-state systems.

[1] A. Bechtold et al., arXiv preprint, 1410.4316v2 (2015).

Role of hyperfine and quadrupolar coupling on electron spin decoherence in individual 
InGaAs quantum dots
A. Bechtold1, Tobias Simmet1, P. L. Ardelt1, K. Müller1,2, F. Li3, N. A. Sinitsyn3, and J. J.Finley1

1 Walter Schottky Institut, Am Coulombwall 4, 85748 Garching, Germany 
2 E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA 
3 Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

17:00 17:15

A single semiconductor quantum dot (QD) embedded in a 
photonic-crystal waveguide (PCW) is a prime example of 

a 1D-atom and QD-PCW coupling efficiencies of up to 98% 
have already been reported [1,2]. In this work, we experimen-
tally study the transmission through a PCW with an embedded 
QD and show that giant optical nonlinearities are achievable 
in the transmission through the 1D-atom [3]. Fig. 1(a) shows a 
pictorial illustration of the transmission through the 1D-atom. 
Single-photon components are reflected by the QD while two 
and higher photon states have an increased probability of be-
ing transmitted [1]. Fig. 1(b) shows the scanning electron micro-
graph (SEM) image of the fabricated nanostructure [3]. Fig. 1(c) 
shows the power dependence of the transmission through the 
PCW on resonance with the QD as a function of average number 
of photons interacting with the QD. The critical photon number 
at the position of the QD is nc=0.81 and the critical saturation 
power corresponds to 1.8 nW. The quantum nature of the nonlin-
earity is captured from the statistics of the transmitted photons. 
The inset on the right side of Fig. 1(d) shows the autocorrelation 
function of the transmitted light as a function of the time delay. 

The observed bunching of photons around τ=0 is a result of pref-
erential transmission of multi-photon states. The main graph in 
Fig. 1(d) shows the power dependence of the autocorrelation 
peak at τ=0.

The observed nonlinearity may find far-reaching applications. 
In the classical regime, the results may enable very low-power 
optical switching. In the quantum regime, it may enable new 
and resource-efficient functionalities required for deterministic 
quantum information processing with photons [4]. 

[1] P. Lodahl, et al., Rev. Mod. Phys. 87, 343 (2015).

[2] M. Arcari, et al , Phys. Rev. Lett. 113, 093603 (2014). 

[3] A. Javadi, et al , arXiv:1504.06895.

[4] T. C. Ralph, et al., Phys. Rev. Lett. 114, 173603.

A single quantum dot in a photonic-crystal waveguide mediating an optical nonlinearity 
at the single-photon level

Alisa Javadi1, I. Söllner1, A. Arcari1, S. L. Hansen1, L. Midolo1, S. Mahmoodian1, G. Kiršanskė1, T. Pregnolato1, E. H. Lee2, J. D. 
Song2, S. Stobbe1, P. Lodahl1

1 Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, DK-2100 Copenhagen, Denmark 
2 Center for Opto-Electronic Convergence Systems, Korea Institute of Science and Technology, Seoul, 136-791, Korea

Fig. 1 (a) Operation principle. (b) Image of the sample. (c) and (d) The experimental results.
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We review the recent experimental progress on the use of 
quantum dots coupled to photonic-crystal waveguides [1]. 

We show that single photons can be channeled into the wave-
guide with an efficiency exceeding 98% [2] and discuss how a 
chiral photon-emission can be achieved in specifically prepared 
waveguides enabling construction of non-reciprocol integrated 
photonic devices [3]. Finally, we discuss the prospects of scaling 
the platform to larger quantum architectures for applications in 
quantum-information processing, such as efficient photon sort-
ing [4]. 

[1] P. Lodahl, S. Mahmoodian, and S. Stobbe, “Interfacing 
single photons and single quantum dots with photonic nano-
structures.” Review of Modern Physics 87, 347 (2015).

[2] M. Arcari, I. Söllner, A. Javadi, S.L. Hansen, S. Mahmood-
ian, J. Liu, H. Thyrrestrup, E.H. Lee, J.D. Song, S. Stobbe, and 
P. Lodahl, “Near-unity coupling efficiency of a quantum emitter 
to a photonic-crystal waveguide.” Physical Review Letters 113, 
093603 (2014).

[3] I. Söllner, S. Mahmoodian, S. Lindskov Hansen, L. Midolo, 
A. Javadi, G. Kiršanskė, T. Pregnolato, H. El-Ella, E.H. Lee, J.D. 
Song, S. Stobbe and P. Lodahl, “Deterministic photon-emitter 
coupling in chiral photonic circuits”. arXiv: 1406.4295. To ap-
pear in Nature Nanotechnology.

[4] T.C. Ralph, I. Söllner, S. Mahmoodian, A.G. White, and P. 
Lodahl, ”Photon sorting, efficient Bell measurements and a 
deterministic CZ gate using a passive two-level nonlinearity”. 
Physical Review Letters 114, 173603 (2015).

Quantum Optics in One-Dimensional Directional Photonic Reservoirs
Peter Lodahl
Niels Bohr Institute, University of Copenhagen, Denmark

The description of excitons in semiconductors and insulators 
as hydrogen atom-like complexes has turned out to be ex-

tremely useful for describing their optical properties. In Rydberg 
atoms an electron has been promoted into a state with high prin-
cipal quantum number. Thereby the atom becomes a mesoscopic 
object with dimensions in the micrometer-range, with which for 
example the transition from quantum to classical dynamics can 
be studied. Recently it has been shown that also an exciton can 
be highly excited by observing states with principal quantum 
number up to n=25 in high-quality natural cuprous oxide crys-
tals [1]. This corresponds to an average radius of 1.04 µm so that 
the exciton wave function is extended over more than 10 billion 
crystal unit cells. Subsequently established effects from atomic 
physics could be demonstrated such as the Rydberg blockade 
where the presence of one such exciton prevents excitation of 
another exciton in its close vicinity [1].

The high spectral resolution in these studies has given detailed 
insight into the exciton level structure. Two examples for high 
resolution results will be given which show in particular that the 
hydrogen model is not fully appropriate for describing excitons 
because of the reduction from full rotational symmetry to dis-
crete symmetry in the crystal:

(i) Angular momentum is not a good quantum number in a strict 
sense in a crystal. As a consequence high angular momentum 
exciton states become mixed with the dipole allowed P-excitons 
so that they can be observed in absorption. Moreover, they show 
a characteristic fine structure pattern [2].

(ii) In magnetic field manifold Zeeman splittings are observed 
which in particular bring states belonging to different quantum 
numbers in resonance. In this regime clear signatures of quan-
tum chaos can be observed as evidenced by pronounced anti-
crossings, so that zero level splitting is suppressed in the level 
statistics. These studies indicate a non-trivial time-reversal sym-
metry breaking by the external field. 

[1] T. Kazimierczuk, D. Fröhlich, S.Scheel, H. Stolz, and M. 
Bayer, Nature 514, 343 (2014).

[2] J. Thewes, J. Heckötter, T. Kazimierczuk, M. Aßmann, D. 
Fröhlich, M. Bayer, M. A. Semina and M. M. Glazov, Phys. Rev. 
Lett., in press (2015).

Rydberg excitons in cuporus oxide
Manfred Bayer

Experimentelle Physik 2, TU Dortmund, D-44221 Dortmund, Germany
10:00

http://quantum-photonics.nbi.ku.dk/publications/Deterministic_photon-emitter_coupling_in_chiral_photonic_circuits.pdf
http://quantum-photonics.nbi.ku.dk/publications/Deterministic_photon-emitter_coupling_in_chiral_photonic_circuits.pdf
http://quantum-photonics.nbi.ku.dk/publications/Deterministic_photon-emitter_coupling_in_chiral_photonic_circuits.pdf
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Interactions between light and matter lie at the heart of optical 
communication and information technology. Nanophotonic 

devices enhance light-matter interactions by confining photons 
to small mode volumes, enabling optical information processing 
at low energies. In the strong coupling regime, these interac-
tions are sufficiently large that a single photon creates a non-
linear response in a single atomic system. Such single-photon 
nonlinearities are highly desirable for quantum information pro-
cessing applications where atoms serve as quantum memories 
and photons act as carriers of quantum information. In this talk I 
will discuss our effort to develop and coherently control strongly 
coupled nanophotonic devices using quantum dots coupled to 
photonic crystals. By embedding quantum dots in a photonic 
crystal cavity that spatially confines light to less than a cubic 
wavelength we can attain the strong coupling regime. This de-
vice platform provides a pathway towards compact integrated 
quantum devices on a semiconductor chip that could serve as 
basic components of quantum networks and distributed quan-
tum computers. I will discuss our demonstration of a quantum 

transistor, where a single spin in a quantum dot conditionally 
switches the state of a photon [1,2]. I will then describe our ef-
fort to coherently control atom-photon interactions on picosec-
ond timescales in order to tailor quantum states of light in a  
cavity [3]. I will conclude with a discussion of the future pros-
pects of this technology for developing complete integrated 
quantum systems on-a-chip.

[1] H. Kim, R. Bose, T. C. Shen, G. S. Solomon, and E. Waks, 
Nat Photon 7, 373 (2013).

[2] S. Sun, H. Kim, G.S. Solomon, and E Waks  arX-
iv:1506.06036 (2015).

[3] R. Bose, T. Cai, K. R. Choudhury, G. S. Solomon, and E. 
Waks, Nat Photon 8, 858 (2014).

Quantum nanophotonics: controlling light with a single quantum dot
Edo Waks, S. Sun, T. Cai, R.Bose, H. Kim, and G. S. Solomon 
University of Maryland, Joint Quantum Institute, College Park, MD 20742, USA

11:00

Microscopic Fabry-Perot cavities built from laser-machined 
and mirror coated optical fibers offer small mode volumes 

and large quality factors combined with full tunability and direct 
access to the cavity field [1]. This opens the perspective to har-
ness enhanced light-matter interaction for a variety of applica-
tions.

The large Purcell factor achievable with fiber cavities enables 
significant enhancement of fluorescence emission. This can of-
fer a route for efficient and narrow-band single-photon sources 
also under ambient conditions. In our experiment, we couple 
colour centers in diamond such as the NV center to a cavity 
[2]. We observe lifetime changes by more than a factor of two 
and obtain cavity-enhanced single photon rates on the order of  
106 photons per second. 

In a different direction, we demonstrate scanning cavity micros-
copy, which provides spatially and spectrally resolved maps of 
various optical properties of a sample with superior sensitivity [3]. 

We achieve a 1700-fold signal enhancement compared to dif-
fraction-limited microscopy and demonstrate quantitative imag-
ing of the extinction cross section of gold nanoparticles with a 
sensitivity below 1 nm². We show a method to improve spatial 
resolution potentially below the diffraction limit by using higher 
order cavity modes, and we present measurements of the bi-
refringence and extinction contrast of gold nanorods. The si-
multaneous enhancement of absorptive and dispersive signals 
promises intriguing potential for optical studies of nanomateri-
als, molecules, and biological nanosystems.

[1] D. Hunger et al., New Journal of Physics 12, 246603 (2010).

[2] H. Kaupp et al., Physical Review A 88, 053812 (2013).

[3] M. Mader et al., Nature Communications, doi: 10.1038/
ncomms8249 (2015); preprint arXiv: 1411.7180.

Enhanced light-matter interfaces and scanning cavity microscopy with fiber-based 
Fabry-Perot microcavities

H. Kaupp, M. Mader, T. Hümmer, J. Benedikter, J. Reichel, T. W. Hänsch, and David Hunger
Faculty of Physics, Ludwig Maximilians University, Munich, Germany

11:30
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Quantum dots (QDs) in high Q micropillar cavities are a prom-
ising system for implementation of quantum information ap-

plications such as quantum logic gates, coupling of distant QDs 
and quantum repeaters. For deterministic photon polarization 
using QD spin entanglement one needs polarization-degenerate 
cavities and long dephasing rates of the qubit and its optical ex-
citations in the QDs. 

Our QD-cavity has the potential to generate high-fidelity spin-
photon entanglement, because the cavity modes can be tuned 
to be polarization degenerate to a very high degree, while the 
QD-cavity coupling strength is close to the strong coupling re-
gime. Via the quantum confined Stark effect the quantum dots 
can be tuned on resonance with the cavity to reach proficient 

quantum dot cavity couplings of , with the QD 
dephasing rate  , cavity loss rate , and 
QD-cavity coupling strength   [1]. This allows us to 
carry out unique measurements on coherence and single photon 
nonlinearities. 

Here we demonstrate a homodyne interference technique that 
enables direct observation of the coherence of light that passes 
through the coupled QD cavity system [2]. Apart from identifica-

tion of coherent and incoherent QD transitions this enables de-
termination of the phase and amplitude of the transmitted light as 
shown in figure 1. We also measured the effect of the QD-cavity 
nonlinearity on the photon statistics; by controlling polarization 
we can tune the transmitted-light statistics from anti-bunching to 
bunching: .

We will present the latest results on these measurements.

[1] Morten P. Bakker et al. Physical Review B 91, 115319 (2015).

[2] Morten P. Bakker et al. Optics Letters (2015, in press).

Coherence of Quantum dots in Microcavities
Henk Snijders1, W. Löffler1, M. P. Bakker1, A. Barve2, L. Coldren2, D. Bouwmeester1,2 and M. P. van Exter1

1 Huygens-Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands
2 University of California Santa Barbara, Santa Barbara, California 93106, USA

 
Ph

as
e

f (GHz)
  









f (GHz)

Tr
an
sm

itt
iv
ity
 (a

.u
.)

-15 0 15
0

0.5

1
(a) (b)

coupled
(C=0.4)

empty
empty

coupled

Fig.1

11:45

https://www.google.nl/search?biw=1561&bih=906&q=define+proficient&sa=X&ei=ugqEVfn7IeHOygOb_rZo&ved=0CIgBEP0qMAA
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The intriguing phenomena, predicted for the resonant in-
teraction between a two level system and an optical light 

field, have triggered a wide range of investigations using atoms 
as well artificial atoms. While, by now highly coherent photons 
from Rayleigh scattering and the formation of Mollow triplets 
can be routinely achieved in optical investigations, non-linear 
resonance fluorescence where a two level system resonantly 
interacts with two photons has not been observed in quantum 
dots despite its first theoretical prediction 30 years ago [1]. In 
this contribution, we present the first steps towards non-linear 
resonance fluorescence by performing resonant continuous 
wave spectroscopy on a two photon transition in a single self-
assembled quantum dot. We demonstrate that the resonantly 
driven two photon transition from the neutral exciton X0 to the 
biexciton 2x exhibits linewidths similar to single photon transi-
tions while the intensity displays an s-shape power dependence 
highlighting the two photon nature of the absorption process. Fi-
nally, we demonstrate the photonic coherences for photons from 

the biexciton cascade can be improved by resonantly driven the 
system compared to standard schemes using non-resonant exci-
tation [2]. Our techniques suggest that with enhancement of the 
two photon transition by coupling single quantum dots to a cav-
ity mode, the generation of two-photon dressed states, leading 
to variety of phenomena from photon-pairs with non-classical 
statistics to resonantly driven entangled photon pair, is within 
reach [3].

[1] C. Mavroyannis, Optics Communications volume 26 no. 3, 
453 (1978).

[2] P.L. Ardelt et al., In preparation (2015) .

[3] C.S. Munoz et al., preprint arxiv:1506.05050 (2015).

Towards two-photon resonance fluorescence of an individual quantum dot
Tobias Simmet1, Per-Lennart Ardelt1, A. Bechtolt1, M. Koller1, L. Hanschke1, K. Müller12 and J.J. Finley1

1 Walter Schottky Instiut, TU-München, 85748 Garching, Germany
2 E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA

Their efficient light – matter interaction has rendered opti-
cally active self-assembled quantum dots hot candidates for 

the investigation of cavity QED effects. However, their coupling 
to the crystalline host material inducing quantum state – pho-
non interactions is commonly considered as a limit factor for 
quantum state coherences. In this contribution we exploit the 
QD coupling to LA-phonons for the phonon-assisted preparation 
of quantum states in individual InGaAs dots using pico-second 
pulsed resonance fluorescence [1]. By blue detuning the laser 
from the neutral exciton transition X0, we observe phonon-as-
sisted quantum state preparation of the exciton state X0 with a 
maximum fidelity of ~70 % for a detuning of + 0.7 meV that ex-
ceeds the incoherent population inversion limit of 50 % [1,2]. 
The population inversion is generated by efficient relaxation 
via incoherent phonon emission between the dressed states 
of the coupled exciton – laser system [3]. In power and detun-
ing dependent measurements, we probe the dynamics of this 

process and map out the spectrum of the exciton LA-phonon 
coupling. The results reveal that such dissipative state prepara-
tion is highly fault tolerant to errors in pulse area and detuning. 
Similar methods are presented to prepare the biexciton state via 
two-photon processes, with phonon-assisted processes facilitat-
ing state preparation with a fidelity > 80%. Our results are in 
good quantitative agreement with simulations based on solving 
the dynamics of the driven system using Bloch-Redfield theory 
including coupling to phonons.

[1] P.-L. Ardelt et al., PRB 90 241404(R) (2014).

[2] J. Quilter et al., PRL 114, 137401 (2015).

[3] M. Glässl et al., PRL 110, 147401 (2013).

Phonon assisted quantum state preparation in quantum dots on picosecond timescales
Per-Lennart Ardelt1, Tobias Simmet1, A. Bechtold1, K.A. Fischer2, L. Hanschke1, M. Koller1, K. Müller12 and J.J. Finley1

1 Walter Schottky Institut, TU-München, Am Coulombwall 4, 85748 Garching, Germany 
2 E.L. Ginzon Laboratory, Stanford University, Stanford, California 94305, USA                                                                                      

Fibre-based Fabry-Pérot resonators 
provide very small mode volumes 

and high finesse in a tuneable and ac-
cessible geometry [1, 2]. This makes 
them attractive for various applications 
ranging from cold atom and ion ex-
periments to cavity optomechanics and 
cavity-enhanced single photon sources. 
In contrast to macroscopic cavities, the 
mirrors are not spherical, but rather 
have a nearly Gaussian profile originat-
ing from the laser machining process used to shape the fibre 
surface. We find that non-spherical mirror shape and finite mir-
ror size leave the fundamental mode mostly unaffected, but lead 
to loss, mode deformation, and frequency shifting at particular 
mirror separations. For long cavities, diffraction loss limits the 
useful mirror separation to values below the expected stability 
range. Using scanning cavity microscopy of a commercial planar 
high-reflectivity mirror, we observe spatially localized coupling 
resonances, owing to a variation of the mirror properties. We 
attribute these findings to resonant coupling between different 
transverse modes of the cavity and show that a model based on 
resonant state expansion [3] taking into account the measured 
mirror profile can reproduce the measurements [4].

[1] Hunger et al., NJP 12, 065038 (2010).

[2] Hunger et al., AIP Advances 2, 012119 (2012).

[3] Kleckner et al., PRA 81, 043814 (2010).

[4] Benedikter et al., NJP 17, 053051 (2015).

Transverse-Mode Coupling and Diffraction Loss in Fibre-Based Microcavities
Julia Benedikter, T. Hümmer, B. Schlederer, T. W. Hänsch, and D. Hunger

Ludwig-Maximilians-Universität, Schellingstraße 4, 80799 München, Germany
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

In recent years, microfabricated fibre-based Fabry-Pérot cavi-
ties have been developed. They enable small mode volumes 

but have shown an increased frequency splitting of the polariza-
tion eigenmodes of fundamental transverse modes. This splitting 
must be controlled for a number of applications ranging from 
polarimetry to quantum information processing based on cavity 
quantum electrodynamics. We studied this frequency splitting 
using CO2 laser-machined fibre cavities and found that it results 
from elliptical deviations of the mirror surfaces from a rotation-
ally symmetric shape [1]. An analytic model which explains the 
frequency splitting of polarization eigenmodes in such cavities 
is in excellent agreement with measurements we made on CO2 

laser-machined high-finesse cavities. The model is based on a 
correction to the paraxial resonator theory, revealing why the 
effect becomes relevant in microscopic Fabry-Pérot cavities. The 
gained knowledge will help to control the polarization-depen-
dent frequency splitting in microscopic Fabry-Pérot cavities and 
allow the employment of these cavities in experiments which 
require degenerate polarization eigenmodes. 

[1] M. Uphoff et al., New J. Phys. 17, 013053 (2015).

Frequency splitting of polarization eigenmodes in fibre-based Fabry-Pérot cavities
Manuel Brekenfeld, M. Uphoff, D. Niemietz, S. Ritter, and G. Rempe

Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany
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Propagating quantum microwaves are a promising building 
block for quantum communication. In particular, such itiner-

ant quantum microwaves can be generated by Josephson para-
metric amplifiers (JPA) in form of squeezed photon states. We 
employ a specific „dual-path“ setup for state reconstruction and 
JPA characterization. Displacement operations are performed 
with the use of a directional coupler after the squeezing. We 
compare our results with theory predictions. We discuss our ex-
periments in the context of remote state preparation and quan-
tum teleportation with itinerant continuous microwaves.

We acknowledge support by the German Research Foundation 
through SFB 631 and FE 1564/1-1, the EU project PROMISCE, 
and Elite Network of Bavaria through the program ExQM.

[1] E. P. Menzel,  et al.,  Phys. Rev. Lett. 109, 250502 (2012).

[2] L. Zhong, et al., New J. Phys. 15, 125013 (2013).

Displacement of squeezed propagating microwave states 
Kirill G. Fedorov1,2, L. Zhong1,2,3, S. Pogorzalek1,2, M. Haeberlein1,2, P. Eder1,2,3, M. Fischer1,2,3, J. Goetz1,2, F. Wulschner1,2,3,  
E. Xie1,2, E. P. Menzel1,2, A. Marx1, and R. Gross1,2,3

1 Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, 85748 Garching, Germany
2 Physik-Department, Technische Universität München, 85748 Garching, Germany
3 Nanosystems Initiative Munich (NIM), Schellingstraße 4, 80799 München, Germany

In order to combine the properties of different quantum sys-
tems, a variety of hybrid quantum systems have been proposed. 

Some of these hybrid quantum systems consist of superconduc-
tors and atomic clouds [1, 2]. Based on the long coherence times 
of a few seconds of an ultracold atomic cloud near a supercon-
ducting microwave resonator [3], we intend to investigate a hy-
brid quantum system where ultracold atomic gases play the role 
of a long-living quantum memory, coupled to a superconducting 
qubit via a transmission line resonator. Therefore we developed 
an atom chip containing a superconducting transmission line 
resonator and a Z-shaped trap wire next to the resonator struc-
ture for magnetically trapping the atomic cloud in µm distance 
to the chip. We demonstrate a scheme to trap the atoms in close 
vicinity to the resonator gap to achieve maximum coupling. To 
control the coupling in our experiments, it is beneficial to use a 

tunable resonator whose resonance frequency can be adjusted 
independently of magnetic fields. Therefore we add a ferroelec-
tric voltage-tunable capacitance to the resonator structure with 
small dimensions compared to the resonator length. We show 
in particular that the frequency shift in magnetic fields up to 
1 mT is well below the tuning range with the realized tunable 
capacitances.

[1] J. Verdú et al. Phys. Rev. Lett. 103, 043603 (2009).

[2] K. Henschel et al. Phys. Rev. A 82, 033810 (2010).

[3] S. Bernon et al. Nat. Commun. 4, 2380 (2013).

Tunable Nb resonators for a hybrid quantum system with atomic clouds
Benedikt Ferdinand, D. Bothner, D. Wiedmaier, H. Hattermann, P. Weiss, J. Fortágh,  D. Koelle, and R. Kleiner
Physikalisches Institut and Center for Collective Quantum Phenomena in LISA+, Universität Tübingen, 72076 Tübingen, Germany

Recently, it has been shown that highly reflective concave 
mirrors can be fabricated on optical fiber tips [1, 2]. These 

fiber mirrors can be used in high-finesse optical cavities for cav-
ity QED experiments [3, 4]. I will present recent results concern-
ing the production of fiber cavities for integration with an ion 
trap experiment under development in Innsbruck [5].

I will describe new techniques for producing the mirror sub-
strates, first, via CO2 laser ablation using multiple pulses, and 
second, by imprinting a spherical profile at high temperature [6]. 
The goal of these techniques is to obtain fiber tips with a spheri-
cal concave profile for a wide range of radii of curvature and with 
sub-angstrom roughness.

Another property that we require from the cavities is that their 
length should be around 500 μm. Charges on the dielectric fiber 
can disturb the trapping potential for the ion, and so cavities 
should be long enough that they can be integrated in an ion trap 
setup. For this reason, the area of the mirror that has a spherical 
profile should be larger than the spot size of the cavity mode on 
the mirror.

The last requirement is related to the finesse. Indeed the reflec-
tivity of our fiber mirrors is limited by the losses of the cavity due 
to the intrinsic losses of the coating. Measurements of the cavity 
finesse have shown that these losses can be reduced by anneal-
ing the fiber at high temperature.

[1] T. Steinmetz et al., Appl. Phys. Lett. 89, 111110 (2006).

[2] D. Hunger et al., New J. Phys. 12, 065038 (2010).

[3] Y. Colombe et al.,  Nature 450, 272 (2007)

[4] M. Steiner, Phys. Rev. Lett. 110, 043003 (2013).

[5] B. Brandstätter et al., Rev. Sci. Instrum. 84, 123104 (2013).

[6] D. M. B. Kunert et al., Appl. Phys. B 98, 707 (2010).

New techniques for the development of fiber cavities for ion trap experiments
D. A. Fioretto1, K. Schüppert1, F. Ong1, K. Friebe1, B. Casabone1, M. Lee1,2, J. Schupp1,2, K. Ott3, J. Reichel3,  

R. Blatt1,2, T. Northup1

1 Institut für Experimentalphysik, Universität Innsbruck, 6020 Innsbruck, Austria
2 Institut fur Quantenoptik und Quanteninformation der Osterreichischen Akademie der Wissenschaften, 6020 Innsbruck, Austria

3 Laboratoire Kastler Brossel de l’E.N.S., 24 rue Lhomond, 75231 Paris Cedex 05, France
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Motivated by applications in quantum-enhanced metrology 
and quantum information processing as well as funda-

mental study of entangled systems, we are building a cold atom 
experimental platform devoted to multi-particle entanglement 
generation and characterization with a high finesse fiber op-
tical cavity as key feature. In this cavity, 87Rb atoms resonant 
at 780 nm, will be trapped at the antinodes of a 1560 nm, i.e. 
twice 780 nm, standing wave, forming a 1D lattice of equally and 
strongly coupled single atoms. In addition, a high numerical ap-
erture lens will allow for single-site detection and addressing, 
and Raman-cavity transitions will be driven by transverse beams 
thanks to the large optical access to the cavity (cf. Figure pre-
senting a schematic view). 

Quantum tomography techniques [1] on small atomic ensembles 
(~ 50 - 100) will allow us to probe the role of entanglement in the 
vicinity of the quantum phase transition of an effective of Dicke 
Hamiltonian [2,3,4]. Quantum-enhanced metrology schemes, 
such as dissipative preparation of spin squeezed atomic ensem-
bles [5], are also accessible.

We have realized a high finesse dual wavelength fiber cavity 
with an optimized mirror phase for atom-field coupling and a 
controlled birefringence obtained by a sub-µm precision multi-

shot laser ablation 
set-up. The transport 
of a cold atom could 
to the cavity center 
constitutes a second 
experimental chal-
lenge which we have 
solved efficiently via 
an acousto-optically 
de flected dipo le 
trap ping beam. 

[1] F. Haas et al., 
Science 344, 180 
(2014).

[2] F. Dimer et al., 
Phys. Rev.  A 75, 013804 (2007).

[3] K. Baumann et al.,  Nature 464, 1301 (2010).

[4] M.P. Baden et al., Phys. Rev. Lett. 113, 020408 (2014).

[5] E.G. Dalla Torre et al., Phys. Rev. Lett. 110, 120402 (2013).

Towards a Single Atom Register Coupled to a Fiber Fabry-Pérot Cavity for  
Multi-particle Entanglement
Sébastien Garcia, C. Lebouteiller, F. Ferri, J. Reichel and R. Long
Laboratoire Kastler Brossel, Ecole Normale Supérieure, Paris, France 

With large light-matter couplings, nonlinearities strong 
enough to realize photon number states from coherent 

sources can be achieved. A paradigm is the strongly-coupled at-
om-cavity system where the coupling rate between a single atom 
and a single mode of light exceeds all decay rates. The large 
optical nonlinearities result from the anharmonic dressed-state 
ladder of the Jaynes-Cummings model, a direct consequence of 
its quantum nature. Driving the system resonant to an eigenstate 
of the first manifold, excitation by a first photon blocks the trans-
mission of a second [1]. When, however, directly exciting the 
second rung a two-photon gateway can be realized [2].

Here, we demonstrate first measurements on a Jaynes-Cum-
mings-system composed of an atom strongly coupled to a cavity 

where the coherent drive resonantly excites the quantum emit-
ter instead of the resonator. This has distinct implications on 
the photon statistics of the cavity emission. Whereas driving the 
emitter on the first manifold yields far improved single-photon 
emission, we also show non-classical correlations on the sec-
ond manifold where the atom absorbs two photons within its 
free-space lifetime. The time-dependent two-photon correlation 
function grants insight into the system’s internal dynamics.

[1] K. M. Birnbaum et al., Nature 436, 87-90 (2005).

[2] A. Kubanek et al. Phys. Rev. Lett. 101, 203602(2008).

Quantum Dynamics of an Atom-Driven Cavity QED System
Christoph W. Hamsen, H. Chibani, K.N. Tolazzi, T. Wilk, G. Rempe
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany

Nanotechnology can provide a multitude of improvements 
and new solutions to the polymeric material. Polymer based 

clay quantum dot multifunctional nano-hybrids were synthe-
sized using the solution intercalation method. The inclusion of 
inorganic fillers in a polymer improves its mechanical strength, 
anti-flammability, dimensional stability and other properties. 
With the selection of appropriate fillers, existing properties of 
the polymer can be enhanced or new properties can be acquired 
that is not usually associated with the polymer. Fundamental 
limits in clay composition prevent them from being used eas-
ily in applications requiring electrical/thermal conductivity or 
optical applications. Therefore, Multi nano-fillers, organoclay 
and quantum dots, were used yielding nanocomposite with en-
hanced mechanical, flammability, thermal, electrical and optical 
properties – allowing it to be a drop-in replacement for many dif-
ferent materials while keeping other properties intact. The dis-
persion of nanosized fillers (nanofillers) in the polymer is often 

the most challenging and crucial problem. Nanofillers tend to 
aggregate due to strong van der Waals attraction, which makes it 
necessary to develop strategies to overcome this attraction. End 
functionalization strategy was adopted to develop various inter-
actions among the phases. Hydrophillic nature of montmorillon-
ite clay was changed into organophillic by ion exchange method 
using various intercalating agents with different functionality 
and chain lengths. These modifications were carried out in order 
to have good compatibility, uniform and homogenous dispersion 
of clay and quantum dots in the polymer matrix. These intrigu-
ing new polymer composites based on clay-quantum dots will 
combine the favorable emission characteristics with excellent 
mechanical properties. The polymer based clay-quantum dot 
materials with high photoluminescence (PL) efficiency will be 
promising for use in future optoelectronic devices such as light 
emitting devices, aerospace applications and solar cells.

Polymer Based Clay Quantum Dot Multifunctional Nano-materials:  
Synthesis and Characterization

Haider Haseeb, A. Waheed, S. Shabbir
Department of Physics, University of Augsburg, 86135 Augsburg, Germany

Superconducting circuits in the microwave regime are one 
of the most promising candidates for quantum information 

processing. However, while they can process quantum informa-
tion on very short timescales, they lack the ability to store infor-
mation for extended periods of time. Hybrid quantum systems, 
in which quantum information is processed by superconducting 
circuits and stored in a trapped ensemble of cold atoms, have 
therefore been proposed as a possible alternative.

Here, we report on the measurement of the coherence of  
superposition states of 87Rb atoms trapped on a superconduct-
ing atom chip at 4. 2 K. We load ultracold atoms into the gap 
of an off-resonant coplanar microwave resonator where atomic  
coherence is investigated by means of Ramsey interferometry. We 
observe coherence of the hyperfine ground states on the order of  
several seconds [1], orders of magnitude larger than the  
coherence times of superconducting qubits. This makes atomic  
ensembles attractive as potential quantum memory in a hybrid 
architecture.

We demonstrate that atomic qubit states can be rendered insen-
sitive to magnetic field fluctuations by means of non-resonant 

microwave dressing. We suppress the differential Zeeman shift 
of the clock transition up to second order [2]. This technique 
could be used to increase the coherence times of atomic super-
position states in magnetically noisy environments.

Ultracold atoms can further be used to read out the flux state of 
a superconducting ring. Ring currents preserving the quantized 
flux impact the magnetic trapping potential of an atomic cloud in 
the vicinity. The number of trapped flux quanta strongly impacts 
the number of trapped atoms and the center-of-mass oscillation 
frequencies in the trap [3].  

[1] S. Bernon et al., Nat. Commun. 4, 2380 (2013).

[2] L. Sárkány et al., Phys. Rev. A 90, 053416 (2014).

[3] P. Weiss et al., Phys. Rev. Lett. 114, 113003 (2015).

Hybrid Quantum Systems of Cold Atoms and Superconductors
Helge Hattermann, L. Sárkány, P. Weiss, D. Bothner, B. Ferdinand, S. Bernon, R. Kleiner, D. Koelle, and J. Fortágh
Physikalisches Institut Tübingen, CQ Center for Collective Quantum Phenomena, Eberhard Karls Universität Tübingen,  

Auf der Morgenstelle 14, 72076 Tübingen, Germany
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In our experiment we present a novel type of whispering- 
gallery-mode (WGM) resonator, strongly interacting with 85Rb 

atoms. We recently demonstrated that due to the strong confine-
ment, the light in our WGM exhibits chiral properties [1]. The 
local polarization of the light field is along the longitudinal axis 
of the resonator and is linked to its direction of propagation. This 
opens up an unprecedented regime of light matter interactions. 

Here, we demonstrate the first application of these properties, 
realizing a fiber integrated optical Kerr-nonlineatity [2]. Due to 
the presence of an atom, the resonator exhibits a strong non-
linear response to the number of incident photons. As a conse-
quence, we observe a nonlinear phase shift close to the maxi-
mum value of π between the cases where one or two photons 
pass the resonator. Furthermore, we show that this results in 
entanglement between the two previously independent photons.

In summary, we demonstrated an ultra-strong optical nonlinear-
ity that leads to a nonlinear  phase shift for coincident photons. 
This implements a maximally strong photon—photon interaction 
in a fiber-integrated platform which is a key ingredient for future 
quantum information processing protocols in optical quantum 
networks

[1] C. Junge et al., Phys. Rev. Lett. 110, 213604 (2013).

[2] J. Volz et al., Nature Photon. 8, 965 (2014).

A CQED experiment with chiral photons
Adèle Hilico, E. Will, M. Scheucher, J. Volz and A. Rauschenbeutel
Vienna for Quantum Science and Technology, TU Wien, Atominstitut, Stadionallee 2, A-1020 Wien, Austria

Quantum information processing and quantum communica-
tion profits enormously from the deterministic coupling of 

single solid-state emitters to nanocavities. In diamond NV cen-
tres have been proven to provide all essential requirements for 
quantum information processing such as storing, processing, 
and transmitting quantum information [1]. NV centres have long 
spin coherence times and strongly selective spin-dependent flu-
orescence. On the other side,  SiV centres feature very narrow 
emission lines even at room temperature [2] and optically acces-
sible spin states [3].

In our experiments we fabricate photonic crystal (PhC) cavi-
ties in single crystal diamond around pre-characterized single 
SiV centres. We observe - even at room temperature - quantum 
electrodynamic effects like inhibition of spontaneous emission 
by the photonic bandgap effect and enhancement due to cavity 
coupling [4].

In a second approach we create single NV centres via ion im-
plantation in PhC cavities. High resolution AFM implantation al-
lows for an deterministic positioning of the colour centres. We 
demonstrate coupling of the implanted NV centres’ broad band 

fluorescence to a cavity mode and observe Purcell enhancement 
of the spontaneous emission [5].

We further present progress in fabrication of PhCs in diamond 
by FIB milling and dry etching. Reaching higher Q-factors would 
raise the coupling of our solid-state emitters to the PhC cavities, 
allowing for experiments towards realizing spin-photon inter-
faces.

[1] T. Ladd et al. Nature 464, 45-53 (2010).

[2] E. Neu et al. New J. Phys. 13, 025012 (2011).

[3] T. Müller et al. Nature Com. 5, 3328 (2014).

[4] J. Riedrich-Möller et al. Nano Lett. 14, 5281−5287 (2014).

[5] J. Riedrich-Möller et al. Appl. Phys. Lett. 106, 221103 
(2015).

Coupling of colour centres to photonic crystal cavities in diamond
Thomas Jung, L. Kipfstuhl, J. Riedrich-Möller and C. Becher
Fachrichtung 7.2 (Experimentalphysik), Universität des Saarlandes, Campus E 2.6, 66123 Saarbrücken, Germany

Hybrid systems in which a mechanical degree of freedom is 
coupled to a microscopic quantum system promise to en-

able control and detection of mechanical motion on the quan-
tum level. This will create new options for precision sensing and 
might allow fundamental tests of quantum mechanics. 

In our experiment we couple the center-of-mass motion of an 
atomic ensemble to the vibrations of a silicon nitride membrane. 
We have exploited this coupling to sympathetically cool the fun-
damental vibrational mode of the membrane from room temper-
ature to 650 ± 330 mK [1]. Recently, we repeated and extended 
our measurements in a more compact and stable membrane-
cavity system, where we observed a transition from sympathetic 
cooling to self-oscillations of the coupled system. We discuss 
this effect in terms of stability conditions of a closed servo loop. 

Further, we present a new scheme to couple optomechanical 
systems to internal states of atoms [2]. This will allow us to use 
higher frequency oscillators, which are less affected by laser 
noise. Moreover, internal states of the atoms can be prepared 
and detected with a higher precision than the external motion. 
With the technical and conceptional changes, ground state cool-

ing and quantum control of the mechanical oscillator should 
come within reach.

[1] A. Jöckel et al., Nature Nanotech. 10, 55 (2015).

[2] B. Vogell et al., New J. Phys. 17, 043044 (2015).

Hybrid optomechanics with ultracold atoms and a nanomechanical membrane
Tobias Kampschulte1, A. Faber1, A. Jöckel1, T. Karg1, L.Beguin1, B. Vogell2, P. Zoller2, K. Hammerer3, P. Treutlein1

1 Department of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland
2 Institute for Quantum Optics and Quantum Information, Austrian Academy of Sciences, Technikerstrasse 21a, A-6020 Innsbruck, 

Austria, and Institute for Theoretical Physics, University of Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria
3 Institute for Theoretical Physics and Institute for Gravitational Physics, Leibniz University Hannover, Callinstrasse 38,  

D-30167 Hannover, Germany

We apply tunable optical fiber microcavities [1,2] to enhance 
the emission rate and to increase the coupling efficiency 

of Nitrogen-vacancy (NV) centers in diamond [3]. Using dia-
mond nanocrystals large enough to provide nanoscale field con-
finement by themselves ultimately small mode volumes can be 
realized. Embedding the crystals in between two silver mirrors 
a Fabry-Perot cavity mode can be defined with mode volumes 
down to 0.1 (𝜆/𝑛)3. The resulting large Purcell enhancement  
(𝐶 ∼ 5) and efficient outcoupling of the photons provide a way 
to build efficient solid state single photon sources as well as ef-
ficient spin-photon interfaces at ambient conditions. We show 

emission lifetime changes by a factor of two for NV center en-
sembles, as well as an increase of collected photons by roughly 
an order of magnitude for single emitters.

[1] D. Hunger et al., NJP 12, 065038 (2010).

[2] D. Hunger at al., AIP Advances 2, 012119 (2012).

[3] H. Kaupp et al., PRA 88, 053812 (2013).

Ultra-small mode volume cavities for the enhancement of nitrogen-vacancy center 
fluorescence

Hanno Kaupp1,2, T. Hümmer1,2, T. Bagci1,2, B. Schlederer1,2, H. Fedder3, H.-C. Chang4, T.W. Hänsch1,2, D. Hunger1,2

1 Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Straße 1, 85748 Garching, Germany
2 Ludwig-Maximilians-Universität München. Fakultät für Physik, Schellingstraße 4, 80799 München, Germany

3 Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany
4 Academia Sinica, Roosevelt Rd., Sec. 4, Taipei, 10617, Taiwan
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Semiconductor quantum dots (QDs) are key elements of 
many advanced optical devices. Their properties may be 

tailored via interaction with plasmonic modes supported by 
metal nanoparticles. In this work exciton-plasmon interaction 
was studied experimentally for a system with InAs/AlGaAs QDs 
and indium nanoclusters. An ensemble of QDs located under a 
cluster interacts via plasmon-mediated energy transfer [1, 2]. To 
study a dependence on QD number samples with varying QD 
density and homogeneous layer of metal cluster were grown. For 
that the sample rotation was stopped and gradient layer of InAs 
was deposited. Photoluminescence (PL) measurements along 
the gradient revealed that new long-wavelength peak caused by 
exciton-plasmon interaction was presented in all spectra. The 
dependence of ratio of the area under this peak to the area un-
der main QD peak is shown in Fig. 1. After some InAs amount 
it changes from a constant to a linear dependence. For exciton-
plasmon interaction that corresponds to the transition from lin-
ear to quadratic regime. With an increase of InAs amount the 
QD density jumps from 0 to 109 cm-2 and then slowly grows. At 
certain point there is a transition from a single QD to multiple 
QDs underneath a cluster and the mechanism of energy transfer 
is initiated. Then the signal of an acceptor QD should depend 
quadratically on a donor QD amount. This model is in a perfect 
agreement with PL results in Fig. 1. Therefore collective effects 
in exciton-plasmon interaction were revealed and the transition 
from a single to many interacting QDs was observed.

Fig. 1: Splasmon/SQD vs a coordinate along the sample

[1] A.A. Lyamkina et al. JETP Letters, 99(4), 219 (2014).

Collective effects in exciton-plasmon interaction in hybrid structures with InAs/Al-
GaAs QDs and indium clusters
Anna A. Lyamkina1,2, S.P. Moshchenko1, D.V. Dmitriev1, A.I. Toropov1

1 A.V. Rzhanov Institute of Semiconductor Physics SB RAS, 630090 Novosibirsk, Russia
2 Russian Quantum Center, 143025 Moscow, Russia

Optical characterisation of individual nanosystems provides 
a wealth of information. However, it is very challenging to 

observe spectroscopy signals beyond fluorescence from a single 
nanoparticle. Here we present a method for measuring extinc-
tion and birefringence as well as for Raman spectroscopy on 
single nanosystems such as carbon nanotubes or gold nanopar-
ticles, based on a Fabry-Pérot microcavity [1].

The cavity is built of a micro-machined and high-reflective 
coated end facet of a single mode optical fibre and a macro-
scopic plane mirror. By scanning it with respect to the fibre tip, 

the cavity mode is used as an ultra-sensitive spatially resolving 
probe for the optical properties of the sample placed on top of 
the plane mirror. Harnessing multiple interactions of probe light 
inside the cavity boosts sensitivity for extinction and dispersion 
measurements. Orthogonally polarized cavity modes allow direct 
measurements of birefringence and extinction contrast of the 
sample. Furthermore, due to Purcell-enhancement in the cavity, 
the very low intensity of Raman scattering signals is enhanced 
enabling chemical fingerprinting on individual nanoobjects.

Here we present extinction measurements on gold nanoparti-

Cavity-enhanced spectroscopy
Thomas Hümmer1,2, Matthias Mader1,2, J. Reichel3, J. Noe2, M. Hofmann2, A. Högele2, T. W. Hänsch1,2 and D. Hunger1,2

1 Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Straße 1, 85748 Garching
2 Ludwigs-Maximilians-Universität München, Schellingstraße 4 80799 München
3 Laboratoire Kastler Brossel, ENS/UPMC-Paris 6/CNRS, 24 rue Lhomond, 75005 Paris, France

cles and single wall carbon nanotubes with a sensitivity down to  
1 nm² and showing a signal enhancement of 1700 compared to 
free space experiments. Furthermore we show measurements of 
the birefringence and the extinction contrast of gold nanorods. 
By combining higher order cavity modes we demonstrate an en-
hancement of spatial resolution [2].

We show Purcell enhanced Raman spectroscopy on single car-
bon nanotubes achieving a signal enhancement of 20.

The demonstrated techniques promise intriguing potential for 
optical studies of nanomaterials, molecules and biological nano-
systems.

[1] D. Hunger, T. Steinmetz, Y. Colombe, C. Deutsch, T. W. 
Hänsch, J. Reichel, New J. Phys. 12, 065038 (2010).

[2] M. Mader, J. Reichel, T. W. Hänsch, D. Hunger, Nature 
Commns. (accepted) (2015).

Embedding optical emitters in Fabry-Pérot-type optical cavi-
ties has become a well-established technique to study the 

interaction of matter with a single mode of the light-field in a 
well-protected environment. Experimental efforts in reducing 
the number of atoms ultimately led to reaching the strong-cou-
pling regime with a single well-controlled atom. Many effects 
which are of fundamental interest as well as of potential appli-
cability in the context of quantum information processing were 
demonstrated in this system [1]. Here, we show scaling of this 
system to two atoms while maintaining the degree of control 
that was gained in single-atom experiments. When the atom pair 
is driven with a laser oriented transversally to the cavity axis, the 
relative position of the atoms defines the phases with which the 
atoms couple to the driving laser and the cavity mode and thus 
appears as a new, relevant experimental degree of freedom. We 
achieve control over this phase by pinning the atoms in a two-
dimensional optical lattice and imaging them with single-site 
resolution. As a function of this phase we observe several effects 
in the radiative dynamics related to the interference of emission 
from the two atoms. The reported amount of control proves our 

system ready for the study of fundamental effects [2] and appli-
cations in multi-qubit quantum information processing [3].

[1] A. Reiserer and G. Rempe, arXiv:1412.2889.

[2] S. Fernández-Vidal, S. Zippilli, G. Morigi, PRA 76, 053829 
(2007).

[3] M.J. Kastoryano, F. Reiter, A.S. Sørensen, PRL 106, 090502 
(2011).

Quantum dynamics in spatially resolved two-atom cavity QED
Andreas Neuzner, M. Körber, O. Morin, S. Ritter, and G. Rempe

Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany
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Optical cavities can be used as efficient quantum interfaces 
between photons and atoms to realize a quantum net work 

[1,2]. The technical requirements for the building blocks of such 
a network are demanding because coherent effects should domi-
nate over dissipative processes. Here we report on the devel-
opment of a two-node elementary quantum network based on 
calcium ions trapped in separate optical cavities.

One node is based on a 2 cm long cavity and is already up and 
running. It operates in the intermediate coupling regime of cav-
ity QED where coherent and dissipative processes have similar 
rates. This node was used to demonstrate fundamental quantum 
network protocols including deterministic single-photon genera-
tion [3], tunable entanglement between an ion and a photon [4] 
and heralded entanglement of two ions [5].

The second node is under development [6] and relies on a so-
called fiber-cavity, i.e., an optical cavity defined between the 
coated facets of two optical fibers [7]. The facets are machined 
by CO2 laser ablation and coated with a high-reflectivity dielec-
tric multilayer stack. The short cavity length, typically a few hun-
dreds of micrometers, is designed for strong coupling. In this 

regime the coherent interaction between the ion and the cavity 
field dominates over dissipative processes. This should result in 
higher fidelities and efficiencies for the network protocols al-
ready available at the first node. This poster will describe the 
latest advancements of the fiber-cavity setup.

[1] I. Cirac et al., Phys. Rev. Lett. 78, 3221 (1997).

[2] H.J. Kimble, Nature 453, 1023 (2008).

[3] H. G. Barros et al., New J. Phys. 11, 103004 (2009).

[4] A. Stute et al., Nature 485, 482 (2012).

[5] B. Casabone et al., Phys. Rev. Lett. 111, 100505 (2013).

[6] B. Brandstätter et al., Rev. Sci. Instrum. 84, 123104 (2013).

[7] D. Hunger et al., New J. Phys. 12, 065038 (2010).

Towards a Quantum Network with Trapped Ions in Optical Cavities
Florian Ong1, K. Schüppert1, B. Brandstätter1, D. Fioretto1, B. Casabone1, K. Friebe1, M.Lee1,3, K. Ott2, 
J. Reichel2, R. Blatt1,3, and T.Northup1

1 Institut für Experimentalphysik, Universität Innsbruck, 6020 Innsbruck, Austria
2 Laboratoire Kastler-Brossel, ENS-Paris, 75005 Paris, France
3 IQOQI, Austrian Academy of Sciences, 6020 Innsbruck, Austria

In the field of cavity optomechanics, a light field trapped in 
an optical resonator dynamically interacts with a mechanical 

degree of freedom, enabling, e.g., cooling and amplification of 
mechanical motion [1]. This concept of light matter interaction 
can be transferred to the microwave (MW) regime. By com-
bining superconducting MW resonators with nanometer-sized 
mechanical beams the field of circuit nano-electromechanics is 
established [2,3].

Employing this coupling strategy allows for ground state cooling 

of the nanobeams as well as entangling mechanical degrees of 
freedom with the electromagnetic modes of the MW resonator. 
This provides an interesting platform for studying quantum me-
chanics in nanometer-sized objects in the literal sense. Further-
more, this class of MW circuits is fully compatible with the de-
vice layouts for circuit quantum electrodynamics (cQED) paving 
the way for integrated hybrid quantum systems.

Here we present three types of nano-electromechanical hybrid 
systems. They are based on a tensile stressed nanomechanical 

Circuit Nano-Electromechanics
Matthias Pernpeintner1,2,3, F. Hocke1,2,3, X. Zhou4, T. Faust5, P. Schmidt1,2,3, K. F. Wulschner1,3, J. P. Kotthaus5, E. M. Weig5,6,  
A. Schliesser4,7, T. Kippenberg4, S. T. B. Goennenwein1,2, A. Marx1,2, R. Gross1,2,3, and H. Huebl1

1 Walther-Meißner-Institut, Garching, Germany 
2 Nanosystems Initiative Munich, München, Germany 
3 Technische Universität München, München, Germany 
4 Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland 
5 Center for NanoScience (CeNS) and Fakultät für Physik, Ludwig-Maximilians-Universität, München, Germany 
6 Department of Physics, University of Konstanz, Konstanz, Germany 
7 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

beam integrated into a superconducting MW resonator. The 
vibrational motion of the nanobeam modulates either the ca-
pacitance or the inductance of the MW resonator – in the first 
case, this can be achieved by a change of the distance between 
resonator centerline and ground plane or by moving a dielectric 
in between centerline and ground plane. All three approaches 
result in an effective coupling between the mechanical and MW 
subsystem. We show experimental data and discuss the advan-
tages and disadvantages of the presented coupling mechanisms.

[1] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Rev. 
Mod. Phys. 86, 1391 (2014).

[2] J. D. Teufel, D. Li, M. S. Allman, K. Cicak, A. J. Sirois, J. D. 
Whittaker, and R. W. Simmonds, Nat. 471, 204 (2011).

[3] X. Zhou, F. Hocke, A. Schliesser, A. Marx, H. Huebl, R. 
Gross, and T. J. Kippenberg, Nat. Phys. 9, 179 (2013).

Plasmonic nano-particle dimers are well known to create 
strongly enhanced electromagnetic fields, localized within 

nanometer-sized optical volumes within feed-gaps separating 
the component particles. As such they enhance the local linear 
and non-linear optical response, a key ingredient for enhanced 
spontaneous emission dynamics, nanoscale optical switching 
technologies or frequency conversion in future integrated pho-
tonic circuits. 

Here, we present detailed numerical, structural and optical 
studies of the linear and non-linear optical response of litho-
graphically defined bowtie nano-antennas, consisting of two 
metal triangles arranged in a tip-to-tip configuration. Such plas-
monic structures provide very large electromagnetic intensity 
enhancements of up to > 103 × in the feed-gap. We fabricated 
gold bowties on glass and GaAs substrates [1] with triangle sizes 
and feed-gaps down to 100 nm and 10 nm, respectively. Those 
structures enable the generation of coherent and incoherent 
optical fields in the visible region of the spectrum arising from 
non-linear optical processes. We demonstrate second harmonic 
generation and two-photon photoluminescence [2] and explore 
the dependence of the non-linear optical signals on antenna 
geometry, substrate, fundamental excitation frequency and po-
larization. This facilitates optimization of the non-linear signal 
and, moreover, provides a tool to directly quantify the maximum 
field enhancement in experiments. Simulations suggest local in-
tensity enhancements up to > 2300 × and a s-3-dependence on 
the feed gap size. Moreover, we observe after first excitation of 
the bowties on a glass substrate a strong increase of the over-
all non-linear intensity, attributed to structural modifications 

of the antenna feed-gap due to the short (~ 100 fs), high power  
(0.15 GW/cm² per pulse) excitation pulses. This finding is at-
tributed to thermal melting of gold and a subsequent optical 
formation of metal particles inside the feed gap. This structural 
modification and the simultaneous enhancement of the non-lin-
ear optical response is supported by high resolution scanning 
electron microscopy of the bowties after illumination and by 
theoretical modeling of the plasmonic response of a bowtie with 
4nm sized metal nanoparticles located inside the feed gap.

Finally, we will also report on first observations of light-matter-
coupling between the plasmonic field concentrated in the bowtie 
feed gap and near-surface self-assembled InGaAs quantum dots. 
Here, we observe an increase of the quantum dot photolumi-
nescence intensity by a factor of > 5 ×, accompanied with an en-
hanced spontaneous emission rate, giving rise to Purcell Factors 
of > 3 ×, limited by the temporal resolution of our setup.

Our results pave the way towards novel linear and non-linear 
light-matter-couplings in future semiconductor-plasmonic hy-
brid nanostructures.

[1] K. Schraml, M. Spiegl, M. Kammerlocher, G. Bracher, J. 
Bartl, T. Campbell, J. J. Finley  and M. Kaniber, Phys. Rev. B 90, 
035435 (2014).

[2] K. Schraml, M. Kaniber, J. Bartl, G. Glashagen, A. Regler, T. 
Campbell, and J. J Finley, Proc. of SPIE 9371, 9371-45 (2015).

Optical properties of bowtie nano-antennas and their coupling to proximal quantum 
emitters

Armin Regler1, K. Schraml1, A. A. Lyamkina2, J. Bartl1, G. Glashagen1, S. P. Moshchenko2, J. J. Finley1,3  and M. Kaniber1,3 
1 Walter Schottky Institut and Physik Department, Technische Universität München, Am Coulombwall 4, 85748 Garching, Germany

2 A. V. Rzhanov Institute of Semiconductor Physics SB RAS, Pr. Lavrentieva, 13, 630090 Novosibirsk, Russia
3 Nanosystems Initiative Munich, Schellingstraße 4, 80799 München, Germany
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We propose a digital quantum simulator of non-Abelian 
pure-gauge models with a superconducting circuit setup. 

Within the framework of quantum link models, we build a mini-
mal instance of a pure SU(2) gauge theory, using triangular pla-
quettes involving geometric frustration. This realization is the 
least demanding, in terms of quantum simulation resources, of a 
non-Abelian gauge dynamics. We present two superconducting 
architectures that can host the quantum simulation, estimating 
the requirements needed to run possible experiments. The pro-
posal establishes a path to the experimental simulation of non-
Abelian physics with solid-state quantum platforms.

[1] “Non-Abelian Lattice Gauge Theories in Superconducting 
Circuits” A. Mezzacapo, E. Rico, C. Sabín, I. L. Egusquiza, L. 
Lamata, E. Solano, arXiv: 1505.04720 (2015).

[2] “Two-dimensional Lattice Gauge Theories with Supercon-
ducting Quantum Circuits” D. Marcos, P. Widmer, E. Rico, M. 
Hafezi, P. Rabl, U.-J. Wiese, P. Zoller, Annals of Physics 351, 
634 (2014).

[3] “Superconducting Circuits for Quantum Simulation of 
Dynamical Gauge Fields” D. Marcos, P. Rabl, E. Rico, P. Zoller, 
Physical Review Letters 111, 110504 (2013).

Non-Abelian Lattice Gauge Theories in Superconducting Circuits 
A. Mezzacapo1, Enrique Rico1,2, C. Sabín3, I. L. Egusquiza4, L. Lamata1, and E. Solano1,2

1 Department of Physical Chemistry, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
2 IKERBASQUE, Basque Foundation for Science, Maria Diaz de Haro 3, 48013 Bilbao, Spain
3 School of Mathematical Sciences, University of Nottingham, Nottingham NG7 2RD, United Kingdom
4 Dept. of Theoretical Physics and History of Science, Univ. of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain

Photonic systems are promising for realizing quantum infor-
mation processing because of their long coherence times. 

However, due to the weak interaction between photons, imple-
mentation of photonic gates has been difficult.  One way to 
overcome this problem is to exchange the photonic and atomic 
qubits and to enhance the effective photon-photon interaction. 
For this purpose, the cavity-QED or waveguide-QED systems are 
suitable [1-3], where the spatial modes of the input photon and 
the radiation from the atom match in a one-dimensional field 
and strongly interfere with each other. A pioneering work in 
this direction is Duan-Kimble scheme [1,2], which achieves a 
photon-photon controlled-phase gate with active control of the 
atom such as initialization and single-qubit rotations. Recently, 
we showed that deterministic swapping of photonic polarization 
and atomic qubits is possible by using a Λ-type atom and pro-
posed a scheme for photon-photon gate [3]. An advantage of 
this scheme is that the atom is used totally passively, that is, 
active control by auxiliary fields is unnecessary throughout the 
gate operations. However, the scheme requires photonic qubits 
with different frequencies, which would require a complicated 
optical circuit.

In this work, we propose a scheme for implementing a photonic 
controlled-phase gate using a Λ-type atom. In this scheme, all 
photonic polarization qubits are of the same frequency and the 
atom is used totally passively. Moreover, the infidelity due to 
incomplete atom-photon swapping is automatically filtered out, 
which substantially improves the gate fidelity when the decay 
rates of the Λ system are unbalanced. We also give alternative 
schemes for implementing photonic quantum gates assisted by 
multilevel atoms.

[1] L.-M. Duan and J. Kimble, Phys. Rev. Lett. 92, 127902 
(2004).

[2] E. Waks and J. Vuckovic, Phys. Rev. A, 73, 041803 (2006).

[3] K. Koshino, S. Ishizaka, and Y. Nakamura, Phys. Rev. A. 82, 
010301(R) (2010).

Photonic controlled-phase gates by passive use of a Λ system
Yuuki Tokunaga1 and K. Koshino2

1 NTT Secure Platform Laboratories, 3-9-11, Midoricho, Musashinoshi, Tokyo 180-8585, Japan 
2 College of Liberal Arts and Sciences, Tokyo Medical and Dental University, 2-8-30 Konodai, Ichikawa 272-0827, Japan

Quantum repeaters promise to provide a solution to the ex-
ponential increase of absorption with distance in optical 

fibers and thus to enable long-distance quantum communica-
tion. Past experiments with single atoms in optical cavities have 
underlined the excellent prospects of these physical systems for 
quantum communication [1-3]. To utilize these properties for the 
implementation of a quantum repeater, an efficient interface to 
photons at telecom wavelengths is necessary. Unfortunately, the 
ground states of easily laser cooled atoms show no transitions 
at telecom wavelengths. We propose an integrated approach for 
entanglement generation between a single atom at the crossing 
point of two cavity modes and a single photon at telecom wave-
length using a cascaded scheme. Use of transitions at telecom 
wavelengths between excited states of alkali atoms eliminates 
the need for wavelength conversion. We envision entanglement 
swapping between adjacent atoms to be performed in the same 

system using a cavity-assisted quantum gate. We will present 
simulations using realistic parameters with rubidium in optical 
Fabry-Perot cavities based on CO2 laser-machined fibers. These 
show that with current technology it should be possible to imple-
ment a quantum repeater that can generate heralded entangle-
ment between remote nodes faster than using direct transmis-
sion.

[1] Ritter et al., Nature 484, 195 (2012).

[2] Nölleke et al., Phys. Rev. Lett. 110, 140403 (2013).

[3] Reiserer et al., Nature 508, 237 (2014).

An integrated quantum repeater at telecom wavelength with single atoms  
in optical cavities

Manuel Uphoff, M. Brekenfeld, D. Niemietz, S. Ritter and G. Rempe
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

Quantum gates between light and matter qubits are essential 
building blocks for future applications in quantum infor-

mation science. To give two examples, they allow for interac-
tions between remote quantum network nodes and promise to 
bridge the gap between photonic and matter-based approaches 
in quantum information processing. Recently we have experi-
mentally demonstrated such a quantum gate between a photon 
and a single atom trapped in a high-finesse optical cavity [1] and 
employed it for the nondestructive detection of an optical photon 
[2]. The gate mechanism is based on the reflection of the photon 
from the resonant one-sided cavity. It requires excellent control 
over both, internal and external state of the trapped atom. For 

more complex tasks in quantum information processing the de-
gree of control needs to be improved even further. We will pres-
ent ongoing experiments with single-qubits and atom-photon 
gates and will discuss future challenges and perspectives.  

[1] A. Reiserer, N.Kalb, G.Rempe and S.Ritter, Nature 508, 237 
(2014).

[2] A. Reiserer, S.Ritter and G.Rempe, Science 342, 1349 
(2013).

Optimisation of an atom-photon quantum gate 
Stephan Welte, B. Hacker, S. Ritter and G. Rempe

Max Planck Institute for Quantum Optics, Hans-Kopfermann-Straße 1, 85748 Garching, Germany P25P23
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Light is often described as a fully transverse-polarized wave, 
i.e. with an electric field vector that is always orthogonal to 

the direction of propagation. However, when light is strongly 
confined, e.g., in the evanescent field of dielectric structures 
such as optical waveguides or whispering-gallery-mode (WGM) 
microresonators, a strong longitudinal polarization component 
occurs that oscillates in quadrature with the transversal compo-
nent. As a consequence, the corresponding photon spin is intrin-
sically correlated to the direction of propagation of the light: the 
photons obtain a chiral character.  

We investigated this phenomenon experimentally and theoreti-
cally for single 85Rb atoms strongly coupled to a WGM microres-
onator and demonstrated that the chiral character of the guided 
photons fundamentally changes the light-matter interaction. 
In the case of WGM resonators – and in contrast to traditional  
Fabry-Pérot and ring resonators – this phenomenon leads to a 
highly advantageous situation that allows one to independently 

control the interaction between the atom and each of the two 
counter-propagating modes in the resonator [1]. 

This chiral light-atom interaction is a basis for the realization of 
a novel class of photonic devices which are suitable for classical 
as well as quantum optical networks and information process-
ing. As first examples, we experimentally demonstrate a fiber-
optical switch [2] and a fiber-integrated optical diode, where the 
internal state of a single atom determines the propagation direc-
tion of the light [3]. 

[1] C. Junge et al., Phys. Rev. Lett. 110, 213604 (2013).

[2] D. O’Shea et al., Phys. Rev. Lett. 111, 193601 (2013).

[3] C. Sayrin, et al., arXiv:1502.01549 (2015).

Strong interaction between single atoms and chiral photons
Elisa Will, A. Hilico, M. Scheucher, J. Volz and A. Rauschenbeutel
Vienna Center for Quantum Science and Technology, TU Wien - Atominstitut, 1020 Wien, Austria

Fiber-based Fabry-Pérot micro-cavities have become a widely 
used tool in cavity QED experiments across many different 

platforms over the past few years [1]. In particular, our research 
group at Macquarie University, Sydney, studies (semi-integrat-
ed) fiber-cavity based systems with solid-state emitters. Here, we 
report on a Fibre Imaging and Machining System (FIMS) built at 
Macquarie University over the course of the past year. The sys-
tem is designed for manufacturing large numbers of fibres with 
indentations that boast small radius of curvature (RoC), along 
with the ability to characterise the fabricated structures in-situ 
using laser profilometry. The FIMS employs a CO2 laser abla-
tion system which removes material from the fibre end, forming 
concave mirror substrates. By controlling beam power, size and 
laser pulse duration, RoCs smaller than 10 µm can be realized. A 
high-precision translation stage moves a beam splitter in and out 
of the optical path for in-situ characterisation of the machined 
mirror substrates via laser profilometry. Besides the FIMS sys-

tems, we also report on the progress in setting up a new state-of-
the-art, low-temperature cavity QED laboratory for investigating 
both GaAs-based semiconductor nanostructures [2] and defect 
centers in diamond coupled to fiber cavities. Specific interests 
include the realization of single-photon non-linearities, e.g. 
through polariton blockade [3], and novel ways for performing 
cavity-enhanced magnetometry [4]. 

[1] D. Hunger et al, New J. Phys. 12, 065038 (2010).

[2] B. Besga et al, Physical Review Applied 3, 014008 (2015). 

[3] A. Verger et al, Phys. Rev. B 73, 193306 (2006).

[4] J. Jeske et al, arXiv:1410.6239 (2014).

Semi-integrated fiber cavities for solid-state cavity QED
Andrew Wood, B. Besga, and T. Volz
ARC Centre of Excellence for Engineered Quantum Systems, Department of Physics and Astronomy, Macquarie University,  
North Ryde, New South Wales 2109, Australia 

In the field of quantum information spin ensembles are promis-
ing candidates for quantum information storage and process-

ing. This requires an efficient interface between the spin ensem-
ble and a suitable quantum circuit, which can be realized e.g. 
by strongly coupling natural paramagnetic spins contained in a 
solid-state environment to superconducting microwave circuits. 
Phosphorus donors in isotopically purified 28Si are particularly 
attractive for storage applications, due to their record break-
ing electron and nuclear spin coherence times, exceeding 0.5 s  
[1, 2] and 39 min [3], respectively.

We investigate a hybrid system consisting of an ensemble of 
phosphorus donors in an isotopically enriched 28Si host coupled 
to a superconducting niobium lumped element microwave reso-
nator at millikelvin temperatures. The microwave transmission 
spectrum of the resonator shows the characteristic normal mode 
splitting, demonstrating that the hybrid system operates in the 
strong coupling regime. Complementary to continuous wave mi-
crowave spectroscopy, we investigate the dynamical response of 

the hybrid system using pulsed microwave excitation. We find 
that the coupling between the spins and the microwave reso-
nator can be extracted from the microwave transmission signal 
during the pulse. Furthermore, Hahn echo type experiments in-
dicate that the coherence time of the spin system is larger than 
naively expected for the investigated phosphorus doping con-
centration.

This work is financially supported by the DFG via the Collabora-
tive Research Center 631 and the Priority Program 1601.

[1] J. T. Muhonen et al., Nature Nanotechnology 9, 986 (2014). 

[2] A. M. Tyryshkin et al., Nature Materials 11, 143 (2012).

[3] K. Saeedi et al., Science 342, 830 (2013).

Pulse Excitation of a Strongly Coupled Spin-Resonator Hybrid System
Christoph W. Zollitsch1,3, K.Mueller1,3, S.T.B. Goennenwein1,2, R. Gross1,2,3, M. S. Brandt3,4 and H. Huebl1,2

1 Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, Garching, Germany 
2 Nanosystems Initiative Munich (NIM), Munich, Germany 

3 Physik-Department, Technische Universität München, Garching, Germany 
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