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2 Scientific Proposal (15 pages)

2.1 State of the art and objectives
2.1.1 State of the art

Quantum information processing (QIP). Already for a number of years the field of quantum informa-
tion science [1] has been one of the most prominent areas of modern physics. In an interdisciplinary effort
researchers aim at harnessing fundamental quantum mechanical effects to invent, develop and demonstrate
novel concepts for information processing. Two of the most prominent applications are quantum cryptog-
raphy [2]| and quantum computation [1] in which, respectively, unconditionally secure data transfer and
exponential speedup in solving computationally hard problems is to be realized. By now quantum cryptog-
raphy has reached a rather mature state and even has been introduced as a real product into the market
to establish secure communication over distances only limited by optical fiber technology [2|. Also the field
of quantum information processing has demonstrated enormous progress in the last ten years. It has been
put on a sound theoretical footing with a number of different approaches to quantum information processing
and communication, such as the one-way, the ground-state or the standard circuit based quantum computer,
developed already and a few important quantum algorithms conceived. A number of the basic concepts of
quantum computation have been demonstrated experimentally in many different approaches using trapped
ions, nuclear magnetic resonance, linear optics, quantum dots or superconducting circuits with first algo-
rithms realized using photons, ions and nuclear magnetic moments. Despite the great progress, the field of
quantum information science is still in its infancy. At the current state it is not known if it will be possible to
realize and operate a larger scale quantum information processor that will be able to outperform a classical
computer. An interesting relatively new development within the field of quantum information processing
focuses on using engineered quantum systems for simulating other complex quantum systems, an idea that
is believed to provide interesting results even with intermediate scale systems consisting only of a few tens
to a few hundred qubits.

A major effort within quantum information science, that is gaining more and more momentum, is directed
towards realizing a solid state micro-chip based quantum information processing technology. Here, the
expectation is that solid state implementations of a quantum computer will be able to benefit enormously
from existing integrated circuit technology to realize a larger scale quantum information processor once a
viable technology is identified. However, it is a demanding task to realize quantum coherent devices in a
solid state environment, where decoherence due to coupling to a large number of degrees of freedom has
to be controlled effectively. In comparison, microscopic systems such as atoms or ions kept in ultra high
vacuum systems and suspended using electromagnetic traps, can be isolated more efficiently from their
environment, providing these systems with much longer coherence times. The goal to realize controllable
quantum systems with larger number of qubits, has already triggered new efforts in atomic QIP to make use
of chip-based technologies to realize more complex multi-atom systems. An increasing number of groups is
currently investigating such approaches to realize larger ion trap quantum information processors. We are
also actively collaborating with the group of Hartmut Héaffner and Rainer Blatt at Innsbruck to realize planar
micro fabricated ion trap systems. This project is currently generating first results and ion traps fabricated
by our group at ETH Zurich are trapping individual ions in Innsbruck at this time.

A key aspect of quantum information processing that is getting ever more important is the realization
of interfaces between massive carriers of quantum information, i.e. qubits such as atoms, spins, quantum
electronic circuits etc., and massless carriers of quantum information, such as photons. Such an interface
allows to convert quantum information from a stationary carrier of information to a mobile one for quantum
communication over longer distances. In particular this aspect is important for interfacing different physical
systems to each other using photons as a mediator for the coupling. For atoms and photons atomic cavity
quantum electrodynamics (QED) [3, 4], in which the atomic degree of freedom is strongly coupled to a
quantum radiation field in a high quality cavity, provides such an interface. Cavity QED is widely recognized
as a key approach for realizing hybrid quantum systems, in which solid state and atomic degrees of freedom
are to be coupled to each other coherently using photons. On a basic level this approach will allow to study
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quantum properties of atoms using solid states systems and vice versa. The combination of the strongest
aspects of each physical system, such as long coherence times in atomic systems and fast operations in solid
state systems, will enable new hybrid approaches for realizing a quantum information processing technologies.

Cavity Quantum Electrodynamics. The investigation of the coherent interaction of individual atoms
with individual photons is traditionally a major stronghold of research within the fields of atomic physics
and quantum optics where such work is known as cavity QED |4, 3|. Scientists in many other fields of physics
have envisaged to couple single quantum two-level systems coherently to individual photons, see e.g. Ref. [5]
and references therein. In the past few years two new and very active approaches for performing such research
have rapidly developed, one using superconducting [6] the other semiconducting [7] solid state systems.

In atomic cavity QED, a wide range of fundamental experiments have been performed in the visible range with
alkali atoms [4, 8] and in the microwave range with Rydberg atoms [3|. Interactions between individual atoms
and individual photons have been investigated intensely in recent years. Such experiments have contributed
greatly to our fundamental understanding of the interaction of matter with quantized electromagnetic fields,
of the physics of open quantum systems and of coherence and decoherence. They are also a major test
ground for developing and demonstrating the general concepts of quantum information processing. One of
the most exciting recent developments in cavity QED with Rydberg atoms is enabled by the ability to realize
extremely high quality factor mirror based microwave cavities, which allow for long photon storage times
up to 100 ms or more. Probing the field state of these cavities using the dispersive quantum non-demolition
interaction with a set of single atoms [9] allowed to record the progressive collapse of an electromagnetic field
into a number state upon measurement and also to observe the decay of the field back into the vacuum state
through subsequent discrete quantum jumps between photon number states [10]. This particular form of
cavity QED will certainly hold in stock more exciting new experiments in the near future [11]. We also note
that a number of approaches able to localize alkali atoms in optical cavities have been successfully developed
and have allowed for new experiments such as the observation of photon blockade, the realization of single
atom LASERs, for a review see [§].

Reaching the strong coupling limit has been successfully pursued in the context of semiconductor quantum
dots with first results dating from the end of 2004, for a review see |7], with rapid progress [12, 13, 14].
However, the degree of control achieved over both the properties of the dots and the cavities employed is not
comparable yet to what has been achieved in atomic physics or superconducting circuit settings. In 2004 we
have realized strong coupling of a single photon to a single two level system in a solid for the first time [15]
after having noted that a strongly coupled cavity QED system can be created in superconducting electronic
circuits [5]. In our experiment we have spectroscopically observed the vacuum Rabi mode splitting of a
Cooper pair box qubit coupled to a coplanar transmission line resonator [15]. Our experiment is harnessing
the possibility to realize microwave frequency resonators with very small mode volume and to couple it
to a superconducting two-level system with an effectively large dipole moment realizing strong coupling
between a solid state quantum harmonic oscillator and a macroscopic qubit. Simultaneously the strong
coupling limit was also demonstrated in an independent experiment by observing coherences on a sideband
transition involving a flux qubit coupled to an almost linear oscillator realized as a superconducting quantum
interference device (SQUID)[16].

The realization of the strong coupling limit in superconducting circuits has put this architecture within a
short time at the forefront of research in cavity QED. The freedom to design strongly coupled systems over
a wide range of parameters, such as transition frequency of the qubit and cavity, the coupling strength
between the two, the photon lifetime, the qubit coherence time and number of qubits constantly coupled to
the cavity at fixed positions, allows for great flexibility to explore new regimes of cavity QED in a solid state
environment with figures of merit similar or better than in most other physical realizations. As a result the
last three years have seen a number of exciting new results in circuit QED, the most important ones are
mentioned here. In the dispersive regime we have observed the quantized AC-Stark effect [17], in which a
single photon shifts the qubit transition frequency by more than a qubit line width. This also allowed us to
measure the photon number statistics of coherent and thermal fields generated in the cavity. Making use of
the Purcell effect at small detunings of the qubit from the cavity, a single photon source has been realized



Andreas Wallraff, HYBRIDQED, Part B2 3

[18]. At the same time a clever scheme to pump a qubit into the excited state and create population inversion
has allowed researchers to realize a single superconducting qubit MASER [19]. In our lab, the \/n quantum
nonlinearity of the circuit QED system has been demonstrated spectroscopically [20]. Fock states up to
n > 10 have been generated and characterized by observing Rabi-oscillations of a qubit interacting with the
prepared number state [21]. Indications of coherent effects with multiple photons have been observed [22| and
heating and cooling ideas similar to the ideas of LASER cooling in atomic physics have been demonstrated
in circuit QED [23]|. This wealth of new results by a number of different groups in a short period of time
clearly demonstrates the potential of our approach and gives an indication of interesting future experimental
and theoretical work in the area of quantum optics with circuits that lies ahead of us. In addition, circuit
QED is having a substantial impact on quantum information processing with superconducting circuits.

Quantum Information Processing with Superconductors. The quest to realize a quantum informa-
tion processor based on superconducting electronic circuits had its first success story in 1999 when the first
quantum coherent process - in this case Rabi oscillations - was observed [24] in a Cooper pair box qubit
[25]. Due to the quickly developing interest in quantum information science and this early success, research
directed towards the investigation of quantum coherent phenomena in superconducting circuits and their
applications in quantum information processing intensified throughout the last ten years. Since the first op-
eration of a Cooper pair box qubit a number of different types of superconducting qubits have been devised,
realized and tested. An overview over the various realizations of qubits is given in the review articles |26, 27|
and the fundamental design concepts of quantum coherent superconducting circuits are discussed in [28].
The research into the main building block of a superconducting quantum computer, the superconducting
qubit, has lead to an improvement of three orders of magnitude in the coherence times of such circuits from
a few nanoseconds in early experiments [24| to a few microseconds in state of the art experiments [29, 30|.
Important developments were the use of symmetries of the circuit Hamiltonians and sweet spots in the bias
parameters to reduce the effect of parameter fluctuations [31], the invention [32] and the realization [29] of
the transmon qubit. The better understanding of the qubit life-time as limited by the Purcell-effect due to
the coupling to controlled (and possibly uncontrolled) electromagnetic modes of the qubit environment [33]
has also led to improved coherence times.

Further understanding of the limitations of coherence times in realistic solid state devices has to be gained
to allow for continued progress towards the realization of a quantum information processor. At the level of a
few microseconds the energy relaxation time T} of typical circuits is believed to be limited by dielectric losses
[34]. Other sources of decoherence, such as charge fluctuations, flux fluctuations, critical current fluctuations,
radiation loss, two level systems etc., see for example Ref. [35] and references therein, have been identified.
Generically, the effort to improve coherence times will remain an important one. In principle, the number of
operations that are possible within a coherence time, an important figure of merit for a quantum computer,
can also be improved by realizing faster operations. Currently, quantum operations in electronic circuits
are limited from below to a few nanoseconds, if reasonable cost of the control instrumentation is a limiting
factor. Therefore, in the long run materials and fabrication techniques that would be able to overcome the
current limitations in coherence times have to be developed.

The important aspect of realizing a high fidelity readout for superconducting qubits has been addressed with
quite some success in the past few years. One successful approach is using dispersive measurement techniques
[5, 36, 37|, which have demonstrated close to unit visibility [38] and are expected to be able to reach a fidelity
above 90% for optimized system parameters. Another successful readout approach is based on the bifurcation
amplifier [39], using switching of a bistable rf-driven nonlinear oscillator coupled to the qubit. With these or
similar approaches almost ideal quantum non-demolition projective measurements have been demonstrated
[40, 41]. A readout optimized for phase qubits [42] makes use of high fidelity switching current measurements
with which it was possible to demonstrate full single qubit state tomography in superconducting qubits [43].
A main effort in current research is directed towards realizing controllable coupling between individual qubits,
preferably in a truly scalable architecture. In the early stages, a number of experiments have demonstrated
direct two-qubit coupling spectroscopically [44, 45, 46| followed by time-resolved measurements of direct
coupling oscillations in both charge qubits [47] and current biased junctions [48]|. In recent experiments it was
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possible to fully characterize the nature of the entanglement and correlations in tomographic measurements of
the qubit states generated by direct coupling of two phase qubits [49]. First steps of realizing gate operations
between a pair of qubits have been taken in early experiments with charge qubits [50] and more recently
the principle of operation of a CNOT gate was demonstrated [51]. These inter-qubit coupling schemes
implemented were based on nearest-neighbor couplings with a fixed strength. Realization of controllable
couplings using a number of different coupling schemes is intensely investigated currently [52, 53|. To
realize more complex quantum algorithms it is essential to allow for non-local couplings between distant
qubits as demonstrated recently by coupling a pair of qubits through a quantum bus [54, 55| realized in
the circuit QED architecture [15]. This approach is likely to enable the creation of realistic multi-qubit
circuits. It provides both the possibility of coupling multiple qubits to a single resonator used as a coupling
bus as well as multiplexing of a number of resonators to the same input/output interface. In all two qubit
interaction schemes the fidelity of the desired operations is so far limited notably by decoherence. Therefore,
identifying optimized interactions to realize fast logical operations will be a successful path to realize better
gate operations. The recent progress in improving coherence times, optimizing readout fidelity, implementing
qubit tomography, and realizing inter-qubit coupling will likely enable the demonstration of first quantum
algorithms using superconducting circuit technology in the near future.

Hybrid Systems. Our development of Circuit QED has spawned a wide range of activities investigating
possibilities to couple atomic degrees of freedom to microwave photons. The long coherence times of atoms
combined with the strong quantum fields realized in circuit QED may enable new and promising approaches
to quantum information processing and also provide new routes to explore atom/solid interactions. These
bright prospects have recently led a number of groups to start experimental efforts into that direction and
more are getting ready to explore this new area of research.

A key ingredient for successful realization of hybrid coherent quantum systems is the strong coupling of atoms
to photons in a solid state environment. This is expected to be realizable with polar molecules or Rydberg
atoms, for example, which have dipole moments exceeding the ones of ground state atoms by orders of
magnitude. These prospects have led to proposals to couple individual polar molecules or ensembles of polar
molecules to microwave photons stored in transmission line resonators [56, 57, 58| or even to superconducting
qubits [59, 60] and use these systems for quantum information processing. Until recently, it seemed very
challenging to even create the cold polar molecules needed for such experiments. But now first break-through
experiments have succeeded [61] increasing the likelihood of successful use of polar molecules in quantum
information science.

Rydberg atoms instead are already used in atomic beam experiments for quantum optics and quantum
information processing [3]. They possess large electric dipole moments of 10* atomic units (eag) that scale
as n? with the principle quantum number, see Fig. 3B. This key feature enables the realization of strong
coupling to microwave photons and has led to the first observation of strong coupling cavity QED, which
has been pioneered also with Rydberg atoms [3|. The properties of circular Rydberg atoms have been
well investigated in the context of cavity QED and quantum optics and also for applications in quantum
information processing. Rydberg atom dipole moments are of similar magnitude as the ones realized in
superconducting qubits. The transition frequency between neighboring Rydberg states is determined by the
principle quantum number n and is in the microwave frequency range (< 50GHz) for n > 50, see Fig. 3A. At
the same time Rydberg atoms have long excited state life times in the range of hundreds of microseconds to
milliseconds. These properties make Rydberg atoms extremely attractive atomic candidate for coupling to
the circuit QED architecture. It has also already been suggested to mediate atom /atom interactions through
mesoscopic wires |62 making use of the large dipole moment of Rydberg atoms. Trapping individual Rydberg
atoms on a chip remains a challenge but plans do exist [63, 64]. First steps towards achieving this goal are
currently made, localizing ensembles of Rubidium atoms in superconducting traps [65, 66]. Also ensembles
of Rydberg atoms generated in supersonic atomic beams have recently been decelerated and trapped [67]. A
number of proposals to use Rydberg states in ensembles for quantum information processing exist [68, 69|
and first experiments are in progress |70].

We also point out that the number of activities in which solid state systems are used as some component
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of atomic physics experiments is strongly increasing currently. In ion trap quantum computing and basic
research on ion physics, chip based traps are already in use and become constantly more widely used [71].
There, integrated solid state chips at low temperatures are expected to increase integration and scalability
of these systems and also reduce sources of decoherence, e.g. by avoiding Johnson noise [72]. Our group is
already involved in a collaborative project with the University of Innsbruck to realize on-chip coupling of
ions in different traps through an individual wire for which the chips have been fabricated in our lab. In
addition, theoretical proposals to couple ions to superconducting qubits do [73]. On-chip traps are intensely
investigated in the context of neutral atoms and BECs as well [74]. In this area, the coupling of cold atomic
ensembles to on-chip microwave resonators is considered for basic quantum optics but also for quantum
information processing experiments |75]. The coupling of cold gases to mechanical degrees of freedom is
of interest [76]. Even in solid state hybrid approaches coupling between semiconductor qubits mediated by
microwave photons in superconducting on-chip resonators is envisaged [77] and coupling of collective spin
excitation through non-linear cavities has been proposed [78].

Clearly, mediating coupling between distinct quantum systems of different nature through exchange of mi-
crowave photons contained in a quasi 1D on-chip resonator is receiving substantial attention in the scientific
community. We plan to experimentally explore coupling between Rydberg atoms, on-chip resonators and
superconducting qubits. This is one of the most promising hybrid quantum systems. At the same time we
feel confident exploring this system, because of our strong position in the field of circuit QED, the excellent
research environment in the area of atomic physics and quantum optics at ETH and the already active and
to be itensified collaborations with Frederic Merkt and Tilman Esslinger on the subject.

2.1.2 Objectives

The main goal of this project will be to develop a novel hybrid approach to quantum information science
aiming at the exploration of the coherent interaction between atomic degrees of freedom and solid state
degrees of freedom. The key ingredient here will be the development and exploration of an interface between
solid state qubits and atoms. In particular we intend to study superconducting quantum electronic circuits
and Rydberg atoms. We will explore the basic properties of both systems and their interactions and will
evaluate the potential for developing a novel hybrid quantum information processing approach.

Circuit QED is a new and very successful approach to perform quantum information processing and quan-
tum optics experiments using superconducting electronic circuits. Major current challenges are to improve
coherence times, to realize high fidelity single shot qubit read-out and to demonstrate the execution of a
simple quantum algorithm in a superconducting circuit architecture. In this project we will go beyond the
current state-of-the art of the circuit QED approach to quantum optics and quantum information processing
along two tracks. Along the first track we will explore circuit QED based detection schemes with single
photon sensitivity. These will be based on non-linear parametric amplifiers or on cavity QED approaches to
resonantly detect individual photons. Such an achievement will allow us to perform experiments in which
photon correlation measurements can be used to characterize properties of quantum and classical sources of
microwave radiation. It will also improve the single shot fidelity of dispersive qubit state detection schemes
enabling qubit correlation measurements and real-time feedback that will be required to realize quantum
teleportation protocols in superconducting circuits. These developments will be directly beneficial to the
planned dispersive Rydberg atom detection scheme discussed below.

Along the second and main line of research to be funded by through this ERC grant proposal we will
explore the realization of an interface between superconducting and atomic carriers of quantum information
using microwave photons. Rydberg atoms, simultaneously possessing large dipole moments and long excited
state lifetimes are natural candidates to realize such an interface to the circuit QED architecture. In the
beginning of the project, we will study the interaction of Rydberg atoms with microwave fields contained
in superconducting transmission line resonators. A first set of experiments will be perfomed on Rydberg
atoms excited to different quantum numbers n to control both their transition frequency and their dipole
moment, see Fig. 3. Ensembles of these atoms will be prepared by Laser excitation from a cold atomic
beam. For maximum flexibility we will initially consider hydrogen Rydberg atoms, the preparation of which
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Figure 3: A) Dependence of the transition frequency and the the absolute anharmonicity between neighboring
levels of circular Rydberg atoms on the principal quantum number n. B) Transition dipole moment and radius
of circular Rydberg atom vs. n. C) Vacuum Rabi frequency of Rydberg atom coupled to transmission line
field in dependence on atom/surface distance for different n in the geometry depicted in Fig. 2.

is well established at ETH. In first experiments the atomic beam will propagate in a controllable distance
from a coplanar microwave strip line resonator. When tuned into resonance with the microwave radiation the
Rydberg atoms will undergo excitation from n to n+1. The interaction with the microwave field will then be
characterized using field ionization detection of the Rydberg atoms. This experiment will reveal first signs of
interaction between on-chip microwave photons and Rydberg atoms. We will explore the dependence of the
interaction strength on the separation between the atomic beam and the surface and explore the effect of the
surface on the Rydberg atoms. We will also explore the possibility to detect Rydberg atoms in the vicinity
of a microwave resonator using the dispersive shift induced in the resonator frequency. This experiment
could lead to a quantum non-demolition detection scheme for Rydberg atoms that could prove useful in a
number of quantum information processing schemes. The described experiments will first be performed at

temperatures between 10 and 2 Kelvin and ultimately at dilution refrigerator temperatures in the range of
250 to 20mK.

A second major goal will be to slow down and trap ensembles of Rydberg atoms in a controllable distance
from microwave on-chip circuitry. The trapping of Rydberg atoms from a beam has been demonstrated in
three dimensional electrostatic trap geometries, which we will employ initially. We will develop and test
planar trap configurations to ultimately realize an all chip based trap that benefits from the flexibility and
parallel production of integrated circuits. In these experiments we will explore the dynamics and coherence
properties trapped Rydberg atoms. At this stage of the proposal we will carefully evaluate the optimal
principle quantum number to be used for on-chip Rydberg atom experiments. After this decision we will
reconsider the choice of atomic species to potentially reduced the complexity of the LASER excitation scheme
and make it more suitable for future experiments. In a next step of the experiment we will explore approaches
to reduce the Ryderg atom number trapped on the chip to the few or single atom level and evaluate coherence
properties and our ability to manipulate individual atoms.

Finally, we will explore the possibility to strongly couple a single Rydberg atom to a single microwave photon
stored in a on-chip resonator. The expected vacuum Rabi frequency in dependence on the atom /chip distance
is depicted in Fig. 2C. This will potentially realize the strong coupling limit of cavity QED in this hybrid
atomic/solid-state system. At this point we will be able to experimentally approach the task to transfer
quantum information stored in a single superconducting qubit to an atomic qubit making use of the strong
coupling of both systems to the same single mode of the radiation field. The operation of the experiment
in the temperature regime below 100 mK will become essential to achieve optimum superconducting qubit
coherence.
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This experiment will be among the first ones to experimentally explore atom/solid-state interfaces and hybrid
quantum systems. When realized such hybrid systems will advance the development of quantum information
processors by combining long coherence times of atoms with strong interactions and fast operations in
solid state quantum systems. On the way towards realizing such a system we will investigate in detail
the interaction of Rydberg atoms with solid state environments in general and superconducting circuits in
particular, exploring the effects of different materials at different temperatures and conditions on atomic
coherence. At the same time we will develop new tools for atomic physics, such as a dispersive quantum
non-demolition detector Rydberg atoms and other atomic degrees of freedom with sufficiently large dipole
moments. Simultaneously, we will use atoms as coherent probes for materials properties of solids under
various ambient conditions. On a technological level we will have developed a platform to perform atomic
physics experiments in a sub-Kelvin temperature environment. Such systems will be beneficial for other
directions of quantum information science, such as ion trap quantum information processing with integrated
on chip traps at low temperatures.

2.2 Methodology
2.2.1 Objective: Generation and detection of non-classical states of light in circuit QED

We plan to explore novel schemes to generate and to detect microwave radiation in the circuit QED archi-
tecture. In addition, we will explore possible operating conditions under which superconducting qubits can
be interfaced to Rydberg atoms.

Generation and detection of light. We will explore the generation of single microwave photons in
Circuit QED using side-band transitions [79]. This particular approach will allow the controlled generation
of photons in the resonator using qubits detuned from the cavity. Detection of single microwave photons is
a challenge. Current techniques usually require averaging over a large number of repetitions of the photon
generation [18]. Here we will investigate the use of superconducting parametric amplifiers [80] to detect
microwave radiation with high signal to noise ratios and explore if the quantum limit of amplification can
be reached in the context of circuit QED. We will also investigate possibilities to perform photon correlation
measurements in Circuit QED. We will use chip based microwave frequency beam splitters and interferometers
combined with uncorrelated amplification chains to achieve this goal. Previously similar techniques [81] have
been used in a different context. We believe that this on-chip interferometry techniques will allow for a new
range of linear optics experiments to be approached in Circuit QED. The use of parametric amplifiers will
also allow us to improve the single shot fidelity of our dispersive qubit read-out. Parametric amplifiers will
be useful to investigate the properties of squeezed light in the circuit QED architecture. Squeezed microwave
radiation can be generated using non-linear resonators |82, 83]. The techniques to be developed in the context
of this objective will also be useful for the dispersive QND detection of Rydberg atoms discussed in a later
section.

Hybrid circuit QED. We will explore circuit QED architectures that allow integration of superconducting
qubits with on chip trapping of Rydberg atoms. We will operate superconducting qubits while applying the
fields that will be required to trap Rydberg atoms on chip. Using the results of such experiments we will
develop schemes that will allow us to integrate Rydberg atoms and superconducting qubits in the same
environment.

2.2.2 Objective: Investigation of the interaction of Rydberg atom ensembles with microwave
photons.

Construction of measurement setup. We will construct a measurement setup in which we will generate
Hydrogen Rydberg atoms over a large range of principle quantum numbers n and investigate their interaction
with microwave radiation guided by microwave transmission lines.
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Hydrogen Rydberg atoms will be generated [67] in a high vacuum system from a pulsed supersonic beam
of Hydrogen atoms. The hydrogen atoms are generated by photolysis of NH3 seeded in Ar using a pulsed
excimer LASER at 193nm. In a two stage process Hydrogen is first excited from the 1s state to the 22p
state using light at 121 nm generated in a four wave mixing process in Krypton. This involves a 2 photon
transition pumped by a frequency tripled tunable dye LASER, mixed with a tunable IR dye LASER. Using
a third dye LASER the Hydrogen atom can directly be excited into a given Rydberg state with a principle
quantum number in the range n = 20...200. This will allow us to generate Hydrogen Rydberg atoms over a
large range of transition frequencies and dipole moments as shown in Fig. 3. Such a beam will contain about
10° Rydberg atoms per pulse which propagate at a velocity of 500...700m/s. The atoms will be detected
state-sensitively with a high quantum efficiency multi-channel plate using field ionization. The setup will be
constructed such that an on-chip coplanar microwave transmission line can be approached to the beam of
the Rydberg atoms while accurately controlling the separation between the beam center and the surface of
the chip using a piezo-electrical and mechanical positioning system.

Rydberg atom spectroscopy using microwave transmission lines. We will perform spectroscopy
of Rydberg atoms traversing the field generated by a microwave transmission line. The experiment will
be performed with ensembles or Rydberg atoms and strong microwave fields in the transmission lines to
facilitate first characterization of the interaction between the atom and the field.

We will initially fabricate continuous coplanar waveguide transmission line circuits to efficiently generate
on-chip microwave radiation over a wide range of frequencies. We plan to limit ourselves to 40 GHz as a
maximum operation frequency, which will put a constraint on the minimum n suitable for the Rydberg
atoms. This limitation on the frequency range is imposed by constraints on the quality of the on-chip
microwave circuits. It will also facilitate the use of superconducting qubits in a more suitable frequency
range in later hybrid circuit QED experiments. By varying the geometry and materials of the coplanar
waveguide transmission line we will be able to control the distribution of the microwave field in front of
the chip surface, see Fig. 2. This will allow us to investigate the atom field interaction over a wide range of
suitable atom surface distances. We will carefully analyze the transition matrix elements of the Rydberg atom
in the presence of the combined dc-electric field determining the quantization axis and the microwave field
generated by the coplanar waveguide in dependence on the position of the atom. The resonant interaction
with the microwave field of the coplanar wave guide will induce transitions between neighboring Rydberg
states in the atom. These transition will initially be detected using state selective field ionization [84].

Experiments will start out with large atom/chip separations and will subsequently reduce the separation.
From this data we will extract the atom/field interaction strengths. We will also evaluate possible sources
of decoherence induced in the Rydberg atoms by the surface.

Reduced temperature experiments. To investigate the interactions of Rydberg atoms with surfaces at
low temperatures and to reduce the effect of Johnson noise, we will perform experiments with coplanar wave
guides cooled to temperatures down to 4...2 K. These experiments will be realized by integrating a pulse
tube cooler based cryogenic system into the measurement setup. This low temperature capability will be
considered in the initial design of the experimental setup.

Cooling the chip and its environment to low temperature will allow us to investigate the effect of the tem-
perature dependent Johnson noise emitted by the conductors on the Rydberg atom life times and dephasing
times. At the same this approach will enable us to make first use of superconducting on-chip structures. This
will drastically reduce dissipation in the coplanar wave guide electrodes. At the same time we will explore
the effect of superconducting electrodes on Rydberg atoms. In finite magnetic fields the superconductors will
expel the magnetic field due to their ideal diamagnetism, i.e. the Meissner effect, changing the local fields in
the vicinity of the trap. In two-dimensional films the presence of vortices and their effect on the coherence of
Rydberg atoms will be investigated. This experiment at low temperatures will also help us to evaluate the
practical issues of eventually operating the Rydberg atom experiment at dilution refrigerator temperatures.
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2.2.3 Objective: Dispersive quantum non-demolition detection of Rydberg atoms.

In circuit QED experiments we detect the quantum state of a superconducting qubit via its non-resonant
(dispersive) interaction with the radiation field of an on-chip transmission line resonator. Under appropriate
conditions this detection is quantum non-demolition |5, 85]. Here we will perform an experiment aimed
at detecting Rydberg atoms in the vicinity of a high quality microwave resonator using the same effect.
The presence of the Rydberg atoms in a given Rydberg state will induce a dispersive shift in the resonator
frequency that sensitively depends on the state dependent dipole moment of the atom. The large dipole
moment d of the Rydberg atoms should allow the observation of these shifts.

The sensitivity of the measurement will depend on measurement parameters, i.e. the effective atom /resonator
coupling g, depending on the separation between the atom and the resonator and the dipole moment vector d
of the atom, the quality factor @ of the resonator, and the atom /resonator detuning A. In initial experiments
the resonance frequency of the coplanar waveguide resonator in the presence of Rydberg atoms will be
compared to the one in the absence of atoms. As we will be able to prepare large numbers of Rydberg atoms
traversing the chip we are certain that this scheme will result in a detectable signal. We will then explore,
the possibility to resolve different Rydberg states with different dipole moments. We will also investigate
the singal to noise ratio, with which such experiments can be performed. We will evaluate, if detection of
the Rydberg state on a single atom level is feasible. The described experiments will first be performed at
temperatures of 2 — 4 Kelvin and ultimately at dilution refrigerator temperatures in the range of 250 to
20mK.

This experiment has the potential to realize quantum non-demolition detection of Rydberg atoms that
could prove useful in a number of quantum information processing settings. It might also find a prominent
application in as a chip-based QND atom detector in other atomic physics settings.

2.2.4 Objective: Trapping of Rydberg atoms in the vicinity of electronic circuits.

In this part of the project we will to slow down and trap ensembles of Rydberg atoms in a controllable distance
from microwave on-chip circuitry. To realize this goal will be useful both for performing spectroscopy of the
atoms and for measuring their state on-chip. It will also be a crucial ingredient to later realize an atom qubit
interface in the same architecture.

3D traps. The slowing down and trapping of Rydberg atoms from a beam has recently been demonstrated
in three dimensional (3D) electrostatic trap geometries [67]. We will initially explore the use of this 3D
electrode geometry to trap Rydberg atoms in a controllable distance from the surface of the chip containing
the coplanar waveguide or resonator. We will carefully analyze how to integrate the chip with the current
trap geometry and consider the possibility to realize one or two of the trap electrodes on-chip. The details
of trap potentials will be analyzed using finite element based electromagnetic calculations.

Chip-based planar traps. We will develop and test planar trap configurations [64] to ultimately realize an
all chip based trap that benefits from the flexibility and parallel production of integrated circuits to optimize
trapping parameters and trap integration. We will also design on-chip trapping circuits that incorporate
microwave transmission lines and resonators to build a fully integrated system. Eventually, a goal to achieve
is to perform spectroscopy and detection of an ensemble of Rydberg atoms on a single integrated microwave
frequency circuit. Here, the project we will strongly benefit from our prior work an expertise on realizing
planar ion traps with Hartmut Héffner at Innsbruck University.

Coherence of trapped Rydberg atoms. We will explore the dynamics and coherence properties of
Rydberg atoms trapped in planar and 3D traps. This will be done either with the novel approaches for
on-chip spectroscopy and detection developed during this project or with the more conventional approach
using field ionization. The state of the Rydberg atoms will be controlled with pulsed microwaves.
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2.2.5 Objective: Realization of hybrid circuit QED systems

In the final stage of the project we will explore the possibility to strongly couple a single Rydberg atom and
a single superconducting qubit to the same microwave frequency transmission line resonator. In this step
we will potentially be able to realize the strong coupling limit of cavity QED in a hybrid atomic/solid-state
system. This capability will enable the coherent transfer of quantum information between atomic and solid
state quantum systems.

Optimization of system parameters. Here we will make use of the detailed analysis of all prior ex-
periments to evaluate the optimal principle quantum number n and optimal system parameters to be used
for coherent on-chip Rydberg atom experiments. This critical analysis will allow us to reconsider the choice
of atomic species. The use of hydrogen Rydberg atoms has the benefit of flexibility and simplicity of the
atomic excitation spectrum at the expense of complexity of the LASER excitation scheme involving UV and
VUV frequencies that are challenging to generate and to handle in the experiment. Using different alkali
atoms such as Rubidium may substantially reduce the complexity of the LASER system and will allow to
build more straightforward and more stable systems for a specific atomic species and its transitions. This
will potentially reduce complexity, which will be more suitable for final experiments.

On-chip single atom cavity QED. We will explore the possibility to reach the strong coupling limit
with multiple Rydberg atoms where the coupling strength scales with the square root of the number N of
atoms interacting simultaneously with the same mode of the radiation field. We will consider the atom/atom
interaction in such ensembles in dependence on the trap potential. Then we will explore techniques to reduce
the atom number down to the single atom level and evaluate the coupling strength. In this limit we will also
evaluate coherence properties and our ability to manipulate individual Rydberg atoms on chip.

Hybrid circuit QED. At this point we will be able to experimentally approach the transfer of quantum
information stored in a single superconducting qubit to an atomic qubit making use of the strong coupling
of both systems to the same single mode of the radiation field of the on-chip transmission line resonator.
The operation of the experiment in the temperature regime below 100 mK will become essential to achieve
optimum superconducting qubit coherence properties. To perform this experiment we will have constructed
a mK temperature set-up to perform Rydberg atom experiments. When this infrastructure is available
we can explore different ways to realize effective atom/qubit coupling. Possible approaches are, resonant
coupling of both systems to the same cavity mode. Here the coupling is mediated by the exchange of a real
photon. Alternatively we will explore dispersive coupling schemes, where qubits and atoms exchange virtual
photons through a detuned cavity mode. Yet another approach could be the use of side-band transitions.
In this situation atom and qubit could maintain different frequencies, both of which are detuned from the
resonator mode. Joint blue (and/or red) sideband transitions could be employed to entangle the atom or the
superconducting qubit with a photon in the cavity. This entanglement could then be mapped to the other
partner generating an atom/superconducting qubit, i.e. hybrid, entangled state. Similar approaches could
then be used to store quantum information in Rydberg atom memories with storage-times exceeding the life
time of superconducting qubits.

If this task can be realized one could also imagine to realize processes that would allow to convert the
information stored in a Rydberg state of an atom to a visible photon using a coherent process. This might
be useful for realizing an interface from the solid state microwave frequency domain into the optical frequency
domain, that would then enable conversion of quantum information between different frequency domains.

2.2.6 Time Line and Intermediate Goals

We present an approximate time line for the expected progress of the project. The main tasks to be addressed
or problems to be solved in each half of each project year ('09 to '14) are listed. Major goals or milestones to
be reached are printed in bold. The time line also indicates which of the graduate students (GS1,2,3) and the
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