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the future 
IS quantum

Moore’s law: the number of transistors that can 
be placed inexpensively on an integrated circuit 
has doubled approximately every two years

Driving force of technological and social change in 
the late 20th and early 21st centuries

Push back the hitting time (more Moore) and/or
change completely the technology (more than Moore)

Not a question of if rather of when

Eventually the quantum wall will be hit

Classical Regime

Quantum Regime
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“quantum information is a radical departure in information technology, more 
fundamentally different from current technology than the digital computer is from 
the abacus”. W. D. Phillips, 1997 Nobel laureate

member of the AQUTE Integrating 
Project 



Technology ready to be deployed in real 
case scenarios

Several SMEs use quantum techniques 
and quantum cryptography. It was used to 
secure the results of a Swiss federal 
elections in 2007

Standardization process started

Technologies enabled by 
harnessing entanglement

Entanglement allows for much better 
atomic clocks and therefore more 
precision in GPS

Unexpected markets : QRNG customers are 
from on-line gambling and lotteries

QIPC areas



Major driver  for the development of the field 
(e.g., BB84, Shor)

Guide and support for experimental 
platform 

Inspiration for new protocols pardigms and 
technologies

One of the most promising route beyond 
Moore

Still upstream

but few qubits special purpose processors 
(quantum simulators) are on sight

QIPC areas



timeline for
quantum computation

1981. First idea: Feynman quantum simulator

1995. Shor’s algorithm; Cirac-Zoller gate

2000. Diverse approaches

2002. 2-qubit gates

2006. Quantum byte (trapped ions)

2008. Error correction threshold reached

-14 y

5 y

7 y

11 y

13 y

Start of quantum computation

(Trapped ions, neutral atoms, cavity QED, 
semiconductor, superconducting, linear optics,
impurity spins, single molecular cluster, NMR,...)

2013. Few qubit quantum processors
18 y

Quantum simulators

>2020. General purpose quantum processors
>25 y

t=0

t=10

t=20

Too early to pick up the 
winning implementation 
technology 
(still true, see e.g., 
hybrid techs)



timeline for
quantum communications

1984. First idea BB84

1991. Ekert PRL; start of quantum 
information

1992. First experiment

1993. Diverse approaches

1995. Out of lab

2001. id Quantique start-up

2008. Autonomous operations

2012. Mbps @ 50Km

QKD point-to-point < 400Km

2007. First experiment (Atom gas and ions)

2013. First functional quantum
repeater link

2020. Out of lab

Q REPEATERS
network and > 400Km

t=0

t=10

t=20

-7 y

1 y

2 y

4 y

10 y

17 y

21 y

1998. First idea: Briegel et al

2005. Diverse approaches
(REI, NV, Atoms, Gases)

Multi-mode memory  idea

7 y

9 y

12 y15 y

22 y

400 km > 1000 km



QIPC
scientific challenges
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Quantum 
Computation

Devices realizing quantum 
algorithms with up to 10 qubits
Fault tolerant computing and error 
correction on small scale systems 
Distributed quantum algorithm 

Different classes of entangled states 
up to 10 qubits 
Quantum simulation of a system 
that cannot be simulated 
classically 

long term
 (~10y)

Large dimension quantum memory 
Quantum algorithm with up to 50 
qubits 
Quantum simulation of a key 
problem in science 
Quantum algorithm with fault 
tolerant error correction 

Quantum 
Commmunication

Build a quantum repeater with two 
nodes 
Interface photons with matter 
Secure quantum key distribution 
network 

Satellite quantum communication 

1000 km quantum cryptography 
Multi-node quantum networks 
Realization of new quantum 
protocols 

Source: 
Quantum Information Processing and 
Communication: Strategic Report on current 
status, vision and goals for research in Europe
Version 1.7, April 2010



QIPC
scientific challenges
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Quantum 
Technologies 

Develop entanglement based
technologies, e.g.,

long term
 (~10y)

Quantum simulator as a scientific 
tool
Bootstrap the quantum 
technologies market

Quantum Information 
Theory

Develop 

Guide and support experimental 
developments, covering the widest 
possible range of physical systems 
and technologies.

Source: 
Quantum Information Processing and 
Communication: Strategic Report on current 
status, vision and goals for research in Europe
Version 1.7, April 2010

Clocks Metrology
Develop entanglement enhanced
technologies, e.g.,

Sensors Imaging, photonics
Entanglement enabling quantum 
control
Entanglement system engineering

Computation paradigms and 
algorithms
Communication protocols
Quantum specific techniques 
(e.g., quantum control and 
feedback methods)

Roadmap  Quantum information processing and communication 
http://qurope.eu 



quantum computation

New components and devices that will be elements in the 
long term in high-performance computing facilities

It will provide

Quantum processors

Quantum simulators

Hybrid technologies



quantum communication
New components and devices that will be elements in the 
long term in high-performance computing facilities

It will provide

Global scale quantum communication (security, privacy)

Quantum internet

Wiring of quantum processors



quantum technologies

New technologies ready for a market where the quantum 
limits will define the performance of industrial applications

It will provide
Global scale quantum communication (security, privacy)
Disruptive photonics devices (e.g.,single photon detectors, 
quantum repeaters)
Metrology, sensors, imaging 
Quantum simulators



quantum information theory

Il will provide
Computational paradigms, algorithms and 
optimized techniques

Communication protocols

Inspiration for new technologies

Guide and support experimental developments, covering 
all range of physical systems and technologies



Conclusion
“Quantum Information Technologies hold the promise 
of revolutionizing computing and communication. 
FET invested early in these mind boggling technologies 
and rallied a group of Member States to match its efforts. 
Thank to this support, Europe now produces half of the 
scientific knowledge worldwide in this area and leads the 
commercial exploitation of this technology in the area of 
network security. 
What was considered fiction less than a decade ago, has 
become a reality today.”

V. Reading, Commissioner DG-INFSO 
opening address of the FET “Science Beyond Fiction” 

conference (Prague, 2009)



Institut für Quantenoptik und Quanteninformation
Österreichische Akademie der Wissenschaften

Quantum Hybrid 
Technologies -
how fundamental research is 
breaking new grounds... 

Markus Aspelmeyer

Faculty of Physics
University of Vienna



Quantum 
Foundations

Quantum 
Technology

Quantum Information

Quantum Opto-Mechanics

Fundamental Fundamental vsvs AppliedApplied Research: Research: GiveGive and Takeand Take……



Single-
photon
source

with 50% probability

ConceptualConceptual challengeschallenges of of quantumquantum theorytheory: : RandomnessRandomness

 ObjectiveObjective randomnessrandomness!!

A. Einstein, 1917 Z. Physik

““The Weakness of the Theory lies The Weakness of the Theory lies 
... in the Fact, that Time and ... in the Fact, that Time and 
Direction of the Elementary Direction of the Elementary 
Process are left to Process are left to „„ChanceChance““..””



Single-
photon
source

with 100% 
probability

WHICH WAY? A WHICH WAY? A oror B?B?

ConceptualConceptual challengeschallenges of of quantumquantum theorytheory: : WhichWhich way?way?



QuantumQuantum--SuperpositionSuperposition: : 
howhow cancan wewe talktalk aboutabout physicalphysical

realityreality in a in a consistentconsistent way?way?





Erwin Schrödinger

• non-separable quantum states
• state describes only joint correlations
• no information on individual subsystems

Naturwissenschaften 23, 807 (1935)

VerschrVerschräänkung / nkung / EntanglementEntanglement



Entanglement in 
particular shows that a 
quantum mechanical
description of physical
reality is incomplete!

That is correct. 
However, it cannot be

completed (in a 
reasonable way)! John Bell (1964)



J. S. Bell, Physics 1, 1 (1964)
Greenberger, Horne, Zeilinger (1989)

BellBell‘‘ss Theorem / GHZ TheoremTheorem / GHZ Theorem

A) Predictions of quantum theory are correct

B) RealismRealism:: The outcome of any measurement depends on 
properties carried by the system prior to and 
independent of the measurement

C) LocalityLocality:: The outcome of any meaurement is independent 
of actions in space-like separated regions.

Bell’s theorem: granted A), either B) or C) or both failBell’s theorem: granted A), either B) or C) or both fail

Alice Bob

1

-1

1

-1
1   2 1   2

Entangled
Source

experimentally testable using entangled particlesexperimentally testable using entangled particles



Alice Bob

A1=±1, 
A2 = ±1

1

-1

1

-1
1   2 1   2

Local Realism: E11+E12+E21-E22 ≤ 2

Quantum Mechanics: 22

Correlation function:  E21=p(A2B1=1)–p(A2B1=-1)

B1= ± 1, 
B2 = ± 1

Bell 1964, CHSH 1969, Bell 1971, CH 1974, GHZ 1989

„Entangled“
Source

BellBell‘‘ss TheoremTheorem



Alice Bob

A1=±1, 
A2 = ±1
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Local Realism: E11+E12+E21-E22 ≤ 2

Quantum Mechanics: 22

Correlation function:  E21=p(A2B1=1)–p(A2B1=-1)

B1= ± 1, 
B2 = ± 1

Bell 1964, CHSH 1969, Bell 1971, CH 1974, GHZ 1989

„Entangled“
Source

BellBell‘‘ss TheoremTheorem



BBOBBO

AliceAlice

LaserLaser

BobBob

www.esa.int



Bell ExperimentsBell Experiments

PRL 28, 938 (1972)

No No deviationdeviation fromfrom quantumquantum
theorytheory!!

Experimental 
loopholes? 

(locality! Static
settings)



Bell Experiments Bell Experiments underunder localitylocality conditioncondition

Random setting of measurement direction: 
„spooky action“ or non-realism?

Aspect  Aspect  
et al. et al. 
19841984

Zeilinger  Zeilinger  
et al. et al. 
19981998



Bell test over 144 km, Scheidl, Zeilinger et al. (2008)

Entanglement over 144 km, Ursin, Weinfurter, Zeilinger et al., Nature Physics (2007)



Which assumption is wrong?

 Locality? 

 Realism? 

 Locality and realism? 

 …other pre-assumptions? (Aristotelean logic?)

Local realistic theories are inconsistent

with predictions of quantum theory

with experimental observation

LocalLocal realisticrealistic theoriestheories are inconsistentinconsistent

with predictions of quantum theory

with experimental observation

WhatWhat isis leftleft? ? 



Quantum Quantum CryptographyCryptography

EntanglementEntanglement creates
shared random
sequence (=key)

SecuritySecurity
guaranteedguaranteed e.ge.g. . 
byby Bell Bell inequalityinequality

Source

Photon 1

Classical Communication

Photon 2

+1 +1

-1 -1Polarizer

Clock

Polarizer

Optical FiberDetectors DetectorsElectro
Optic

Modulator

Electro
Optic

Modulator

Alice Bob

Rb Rb
Random
Number

Generator

Random
Number

Generator Clock



Original: (a)

XOR XOR
Bitwise Bitwise

Encrypted: (b)

Alice's Key Bob's Key

Decrypted: (c)

Jennewein et al., Mai 2000

Bank Austria

Town Hall

Vienna, 21. April 2004Vienna, 21. April 2004: 
Worldwide first bank transfer encrypted
via quantum cryptography

Quantum Cryptography



42 European partners from
University and Industry
Quantum Cryprography in Vienna‘s
glass fibre network



Quantum InformationQuantum Information

Bit Qubit

1

0
Q =     (0 + 1)2

1

„„00““ oror „„11““ „„00““ andand „„11““
|computer> = 00000000
|computer> = 00000001
|computer> = 00000010

|Q-computer> = 00000000 + 00000001 + 
00000010 + …
…



QUANTUMQUANTUM--HYBRIDHYBRID--TECHNOLOGIES:TECHNOLOGIES:

Quantum Quantum informationinformation processingprocessing

Quantum Quantum metrologymetrology

Quantum Quantum simulationsimulation

……

Atoms on a chip

„artificial“ atoms

nanomechanics

Cold matter

The The zoologyzoology of of quantumquantum systemssystems
• Photons
• Atoms/Ions
• neutrons, electrons
• Atomic gases, ultracold atoms
• Quantum dots
• Superconducting electronic circuits
• Spins in solid states
• Micro- and nanomechanical resonators
•…

Solid state!



Quantum Quantum entanglemententanglement: a : a keykey resourceresource



QQ--BYTE!BYTE!

R. Blatt (Innsbruck)



„„OneOne--WayWay““ Quantum ComputerQuantum Computer
(Raussendorff & Briegel 1998; 
exp: Walther, Zeilinger 2005)

Multi-particle Entanglement as a universal resource



• NV centers as qubits (+ microwave)
• cantilever with magnetic tip

• capacitive coupling of cantilevers:
phonon bus

quant-ph 0908.0316 (2009)

mechanical modes

photons 

charge

magnetic flux 

atoms 

Quantum Quantum informationinformation: : 
mechanicalmechanical quantumquantum busbus**

* Requires strong coupling regime; 
see e.g. Gröblacher et al., Nature 2009

MechanicalMechanical Quantum Quantum HybridsHybrids forfor QIPCQIPC



MechanicsMechanics coupledcoupled to quantum to quantum systemssystems

chargecharge spinspin photon photon 
momentummomentum

1 1 μμmm 20 20 μμmm
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single electron 
(SSET)

single electron 
(Cooper-Pair Box)

single atom / 
electron spin

single nuclear 
spin

single photon 
(optical cavity)

single photon 
(MW cavity)
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F = F = F = 

< 50 aN < 0.05 aN

< 102 aN ~ 103 aN

~ 10-3 aN

UU

qubit coupled to NEMS

single electron spin - MOMS

qubit SSET

nanomechanics

LaHaye/Schwab/Roukes/
Echternach (Caltech)

Rugar et al. (IBM)

BEC coupled to MEMS

Treutlein/Hänsch (MPQ)
Reichl (ENS)

Cleland / Martinis 
(UCSB)

Superconducting phase 
qubit and MEMS



MechanicalMechanical Systems IN Systems IN thethe quantumquantum regimeregime

Ramsey-type interference

Cleland/Martinis
groups (UCSB); 
April 2010

6 GHz 6 GHz piezopiezo vibrationvibration
 n ~ 0.07 @ 20 mKn ~ 0.07 @ 20 mK



MechanicalMechanical systemssystems CLOSE TO CLOSE TO thethe quantumquantum regimeregime

NanomechanicsNanomechanics close to the quantum ground state

Schliesser et al., Nature Physics 5, 509 
(2009)

Rocheleau et al., Nature 463, 72 (2010)

 Laser cooling by optical photons

<n> ~ 30<n> ~ 30

MicromechanicsMicromechanics close to the quantum ground state

 Laser cooling by microwave photons

<n> ~ 4<n> ~ 4

<n> ~ 60<n> ~ 60

Vienna (Aspelmeyer group):
• Ultracold micromechanics with Bragg mirror pads
• Laser cooling in a cryogenic cavity

Munich (Kippenberg group):
• Microtoroidal mechanics
• Sensing close to the uncertainty limit

Gröblacher et al., Nature Physics 5, 485 (2009)

Caltech (Schwab group):
• Nanomechanical resonator inside a 
superconducting microwave cavity
• precooling in dilution cryostat



MechanicalMechanical couplingcoupling to to quantumquantum systemssystems

Gröblacher et al., Nature 460, 724 (2009)

StrongStrong mechanicalmechanical couplingcoupling

StrongStrong mechanicalmechanical couplingcoupling to to quantumquantum systemssystems
O’Connell et al., Nature, advance online publication

LaHaye et al., Nature 459, 960 (2009)



MicroMicro-- and and NanoNano--OptomechanicalOptomechanical Systems Systems 
for ICT and QIPC (MINOS)for ICT and QIPC (MINOS)
an FP7 STREP Project of an FP7 STREP Project of thethe FETFET--OpenOpen InitiativeInitiative

10/2008 – 10/2011, 6 EU partners, 2.3M€
Worldwide first concerted effort, USA & Australia ramping up now



FromFrom quantumquantum technology to technology to quantumquantum foundationsfoundations



Physics World, July 2008

Aspelmeyer & Zeilinger



FromFrom quantumquantum technology to technology to quantumquantum foundationsfoundations

??

Mechanical quantum
systems provide

access to a complete
new parameter

regime for
experimental physics

(size, mass, 
sensitivity)

Mechanical quantum
systems provide

access to a completecomplete
newnew parameterparameter

regimeregime forfor
experimental experimental physicsphysics

(size, mass, 
sensitivity)



Today (existing technology):
• single electron-spin detection via magnetic resonance
• attometer-scale displacement sensing (10-18 m)
• zeptonewton-scale force sensing (10-21 N)
• yoctogram-scale mass sensitivity (10-24 g)

MechanicalMechanical (Quantum) (Quantum) HybridsHybrids –– forfor sensingsensing

 3D imaging of individual macromolecules (Rugar, IBM)
 Novel magnetometers based on spins in diamond (Lukin, Harvard)
 Mechanical detection of Casimir forces (Capasso, Harvard)
 Measuring Gravitation at small length scales (Kapitulnik, Stanford)
Improving the sensitivity of gravitational wave detectors (LIGO, GEO)
…

Exploiting a new regime of (mechanical) sensing

Towards quantum limits of force- and displacement detectionTowards quantum limits of force- and displacement detection



C. L. Degen et al., PNAS 108, 1313 (2009)

Example: 3D reconstruction of a 
Tobacco Mosaic Virus by magnetic
resonance force microscopy
(Rugar group, IBM)
 100 million times improvement 
in volume sensitivity compared to 
best conventional MRI 



E. Schrödinger, Naturwissenschaften 23, 52 ff. (1935) 

SchrSchröödingerdinger‘‘ss Cat: The Cat: The MeasurementMeasurement ProblemProblem

single-photon 
source

Schrödinger’s Cat = Entanglement involving macroscopically distinct states
should be possible for arbitrarily large systemsarbitrarily large systems



20μm



Quantum 
Foundations

Quantum 
Technology

Fundamental Fundamental vsvs AppliedApplied Research: Research: GiveGive and Takeand Take……



Fundamental Fundamental vsvs AppliedApplied Research: Research: GiveGive and Takeand Take……

First Bell experiments

First Quantum Cryptography (BB84)

First Quantum Teleportation

IST QuComm
1st FET PI on Quantum 
Information (FP5)

Pathfinder project for
quantum information

science (FP4)



• Quantum Foundations has radically changed our view of 

information processing QIPC

• Quantum Information Technologies have opened up a 

new frontier for fundamental research (also: QIT for solid 

state, field theory, etc.)

• New experiments on the foundations of quantum physics

will eventually lead to new (quantum) technologies

TakeTake--HomeHome MessageMessage



Towards 
Quantum Communication 

Networks
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Quantum Communication

• applications
• today's networks
• future – quantum – networks



applications

• Quantum Key Distribution 
for secure communication

• cryptographic primitives: 
coin-tossing, secret-sharing, etc.

• communication complexity tasks, quantum 
games, quantum metrology

• quantum teleportation, entanglement swapping 
distribute entanglement

• quantum internet quantum-data links between 
quantum computation nodes



Quantum Key Distribution

• QKD enables quantifiable security

BB84: errors in key are measure for the information of a potential eavesdropper



commercial systems

• MagiQ

• Id Quantique
www.idquantique.com

• smart-quantum

Toshiba



QKD in networks

• trusted repeater schemes
• DARPA network

Boston area; BBN, Harvard, Boston University; 2005



• seamless integration into multi-layer 
communication structure

SECOQC network



SECOQC network

• highly integrated systems (19")
• operated in standard telecom infrastructure + daylight 

free-space link;  continuously for 1 month 



• seamless integration into multi-layer 
communication structure

SECOQC network

– Increase distance and secret rate 
capacity

–Less initial secret has to be distributed: 
full covering joint tree is sufficient [O(n) 
instead of O(n2)] OR
Links running out of authentication key 
can recover

–Key is a network-wide asset and can 
be optimally redistributed

–Combining disjoint paths can ensure 
information-theoretic security for a 
bounded adversary (secret sharing)



swiss quantum

• secure links for Geneva election system (since 2007)
• 3 node network, continuous operation since 07/2009

• Univ. Geneva
Univ. of Appl. Science
CERN, id Quantique

http://www.swissquantum.com/



current projects

• ������� �������

in Durban, during 
World-Cup 2010
University of 
KwaZulu Natal,
id Quantique

• Tokyo QKD Network in  area, 
Oct. 2010
JGN2plus, NICT, NEC, 
Mitsubishi Electric, NTT ,
Toshiba,  id Quantique



future networks

• long distance communication 
enabled by quantum repeater

• sources of entangled qubits are conected via repeater 
nodes performing error correction and storage.

• quantum internet



components

• sources of entanglement
photon pairs, cv-states of light, 
atom-photon states, 
quantum logic elements

• quantum memory
atoms, atomic clouds, 
rare earth doped glass fiber, 
solid state e- and nuclear spin states

• quantum interfaces
light-matter interface, 
hybrid systems....

• small scale quantum logics
Rydberg coupling, collisions, ion trap, SC-circuits....



where to go

• high rate, long distance QKD
• components for quantum repeater
• analysis of device security 

(in real world scenarios)
• networking structures

• basis for:
world wide secure communication
quantum internet, quantum simulators...
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