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Computational Basis States

Klassische Bits versus Quantenbits (Qubits) 
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e.g., polarization of a photon…

Occupation-Number Qubit:

Dual-Rail Qubit:

Photonisches Qubit 
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Verschränkung: ``EPR’’, Schrödinger und Bell

“When two systems enter into temporary physical 
interaction due to known forces between them, 
and when after a time of mutual influence the 
systems separate again, then they can no longer 

be described in the same way as before. 
I would not call that one but rather the 

characteristic trait of quantum mechanics, the 
one that enforces its entire departure from 

classical lines of thought. By the interaction the 
two systems have become entangled.”

Schrödinger (1935)



Verschränkung: ``EPR’’, Schrödinger und Bell

Entanglement
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Continuous Variables Discrete Variables

Einstein, Podolsky, and Rosen (1935)...

... non-locality, non-realism, or hidden variables... QM incomplete



Verschränkte Photonenpaare
im Quantenoptik-Labor



Zeilinger (2007)

Verschränkte Photonen über 144 km



Quantum Space Satellite (QUESS) 
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Klonen 



Nicht-Klonen (``No-Cloning Theorem’’) 
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Wootters and Zurek, Dieks, 1982
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Quantenkommunikation

Reliable Transmission 
of Quantum Information…
(Quantum Teleportation)

Secure Transmission 
of Classical Information…
(Quantum Cryptography)





Quantenteleportation
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Quantenteleportation
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Quantenkryptographie, Schlüsselverteilung
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Quantenkryptographie, Schlüsselverteilung
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Quantenkryptographie, Schlüsselverteilung

Alice sends 

value 0         1          1          0          1          1          1          0          0

Bob 
measures

result

Eve 
measures

result
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Quanteninformation & Quantentechnologie

Global
Quantum Internet



Quantenkommunikation: Große Distanzen?



Alice Bob
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~ 1000 km 



Klassische Kommunikation mit Licht

Europe-USA 

41 Kanäle mit 10Gb/s



Optische Fasertechnologie

Ideal Wavelength

1.5µm 

- single-mode propagation

- 0.2dB/km attenuation

repeater stations for 

optical pulse recovery:

- light amplification

- compression of spreading 

wave packets



Quantenrepeater durch Optische Verstärker
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Quantenrepeater durch Optische Verstärker
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Quantenrepeater mittels Verschränkung

✓ Entanglement Purification

✓ Entanglement Distribution

✓ Entanglement Swapping 

✓ Quantum Memories

0110 +



Qubit-Verschränkung mit Ionen
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Ohne Quantenspeicher



Ohne Quantenspeicher
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Ohne Quantenspeicher



Mit Quantenspeicher



Mit Quantenspeicher



Mit Quantenspeicher



Mit Quantenspeicher



Mit Quantenspeicher



“Verschränkung-Swapping’’

Bell Meas.
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“Verschränkung-Swapping’’

Bell Meas.
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Verschränkung: Klassischer Würfel



Verschränkung: ``Quantenwürfel’’



Quanteninformation

Quantum 
Information

Quantum 
Sensing/

Metrology

Quantum 
Communication

Quantum 
Computation

Quantum 
Simulation



Quantencomputer

Quantum 
Information

Quantum 
Computation

Quantum Speedup, Quantum Parallelism,
Quantum Algorithms,

Universal Models, Scalability, Fault Tolerance,
Quantum Error Correction

…
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Universal Q. Computer

Deutsch 1985 

Q. Algorithms and Codes
Shor 1994, 1995 
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Quantenfehlerkorrektur: Shor Code

THIRD SERIES, VOLUME 52, NUMBER 4 OCTOBER 1995

RAPID  COMMUNICATIONS

The Rapid Communications section is intended for the accelerated publication of important new results. Since manuscripts submitted to this

section are given priority treatment both in the editorial office and in production, authors should explain in their submittal letter why the

work justifies this special handling. A Rapid Communication should be no langer than 4 printed pages and must be accompanied by an

abstract. Page proofs are sent to authors.

Scheme for reducing  decoherence  in quantum  computer memory

Peter W. Shor*
AT&T  Bell  l.Aboratories, Room  2D-149,  600 Mountain Avenue,  Murray  Hill, New  Jersey  07974

(Received   17 May  1995)

Recently, it was realized that use of the properties of quantum mechanics might speed up certain computa tions dramatically. Interest has

since been growing in the area of quantum computation. One of the main difficulties of quantum computation is that decoherence

destroys the information in a superposition of states contained in a quantum computer, thus making long computations impossible. lt is

shown how to reduce the effects of decoherence for information stored in quantum memory, assuming that the decoherence process acts

independently on each of the bits stored in memory. This involves the use of a quantum analog of error correcting codes.

PACS  number(s):  03.65.Bz,  89.70.+c



Shor’s Quantenfehlerkorrektur-Code
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Klassische Fehlerkorrektur



Quantenfehlerkorrektur



Quantum Computer:
Software



``Digitaler’’ Quantencomputer mit Qubits

Circuit model of Quantum Computation:

 U



``Einwegquantencomputer” mit Qubits

Cluster-state model of QC (``one-way QC’’):

U
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+

+

+

R.Raussendorf, H.J. Briegel, PRL 86, 5188 (2001)



Elementare Gatter-Teleportation
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Quantum Computer:
Hardware



Supraleiter

Ionenfallen

Photonen

Qubits: «Fliegend» vs. «Stationär» 

Resonator-QED

Frei-Raum-QED

x

p

Farbzentren in Diamant

Halbleiter-

Quantenpunkte



Licht-Quantentechnolgie 



Photonischer Quantencomputer



Ionenfallen

……………….. Ferdinand Schmidt-Kaler  →

Ion-Qubits 
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