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The requirements for experimental qc

• Qubits store superposition information, scalable physical system

• Ability to initialize the state of the qubits

• Universal set of quantum gates: Single bit and two bit gates

• Long coherence times, much longer than gate operation time

• Qubit-specific measurement capability

D. P. DiVincenzo, 
Quant. Inf. Comp. 1 
(Special), 1 (2001) Qubit 

Transformation
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Quantum gate proposal

control bitcontrol bit target bittarget bit

• single bit rotations and 
quantum gates

• small decoherence
• unity detection efficiency
• scalable

J. I. Cirac P. ZollerW. Paul
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Innsbruck linear ion trap
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Ion crystals
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Addressing ions in the crystal

Individual ion detection
on CCD camera

5µm



2-level-atom harmonic trap

Laser coupling

dressed system

„molecular
Franck Condon“
picture

...
...

dressed system

Sn ,1−

Dn ,1−
Dn,

Dn ,1+

Sn ,1+
Sn,

„energy
ladder“
picture

S

D

D

S



Excitation spectrum of the qubit transition

single ion:



Cirac & Zoller gate
with two ions
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SWAP   and  SWAP-1
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starting with |n=0> phonons,
write into and read from the common vibrational mode

π-pulse on blue SB

control bit control bit



Conditional phase gate

Effect:
phase factor of -1
for all, except |D,0 >

target bit

2π π2

Composite pulse phase gate
I.Chuang, MIT Boston

Rabi frequency:

1+⋅⋅Ω nηBlue SB:
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input

output

Fidelity of Cirac-Zoller CNOT

|<Ψexp|Ψideal >|2

F. Schmidt-Kaler et al., 
Nature 422, 408 (2003)



John Bell

Principle of the ion trap quantum processor

Universal two-qubit gate

Entangled states of two and three ions

Teleportation

Discussion and vision
very long lived

coherence



deterministic Bell state generation
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Decoherence-free Bell states
coherence limited by
spontaneous decay (τD=1.16s)
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GHZ state:

W state: 
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Deterministic generation of GHZ state



Experiment Ideal

Fidelity: 72 %
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Tomography of the GHZ state

C. Roos et al., 
Science 304, 1478 (2004) 



selective read-out in rotated basis

rotate qubit #1 by π/2 

mixture of two Bell states
(Fidelity: 78 %)

measure Ion #1

C. Roos et al., 
Science 304, 1478 (2004) 

quantum algorithm
includes decisions

finally: pure Bell state
(Fidelity: 77 %)

depending on the
outcome „|D>1“:

π–pulse on ion #1 and 
Z-rotation on ion #3



Theorie: D. James, Los Alamos

Principle of the ion trap quantum processor

Universal two-qubit gate

Entangled states of two and three ions

Teleportation



Teleportation

Bell state

measurement
in Bell basis

rotation
unknown

input state

classical

communication

recover
input state

Bennett et al, Phys. Rev. Lett. 70, 1895 (1993)



Source qubit(#1): pure state

Target qubit(#3) and ancilla (#2): maximally entangled state

Combined state

Rearrange terms:

Quantum teleportation: No black magic

measure #1 and #2 in Bell basis: |ϕ> is projected onto one of 4 pure states
e.g. measure |Ψ->12 :perform -σz operation on qubit #3 to yield input state back



Teleportation
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rotation
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Bennett et al, Phys. Rev. Lett. 70, 1895 (1993)
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1. Bell state generation
2. Generate
3. Bell analysis
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complete Bell analysis

computational
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Superposition state

Two qubit 
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complete Bell analysis
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|S+D,S>          |SS> + |DD>

outputprepare gate detect

CNOT

F. Schmidt-Kaler et al., Appl. Phys. B 77, 789 (2003)

input



1. Bell state generation
2. Generate
3. Bell analysis
4. Selective read-out

(and hiding)
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Hiding a qubit
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Hiding and unhiding
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Hiding a qubit
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1. Bell state generation
2. Generate
3. Bell analysis
4. Selective read-out
5. Conditional rotations
6. Test performance !

Bell

state

U

U-1

Step by step

Bell state

Bell 
analys

rotation



Input test states Output states
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Initial Final
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Analysis of teleportation I:
Inverse preparation





Teleportation „on demand“ : Results

no post-selection

complete Bell state analysis

only 10µm distance

works at any time

F  = 0.83exp.

F    = 0.67clas.

M. Riebe et al.,
Nature 429, 734 (2004)
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Analysis of teleportation II:
Process tomography
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v1(t)v2(t)v3(t)v4(t)•
•
•
•

“accumulator”

Future: linear ion traps for transporting ions

Kielpinski et al, Nature 417, 709 (2002),
Leibfried, Schätz, Physik Journal 3 (2004) 23,
M. Rowe, et al., Quantum Information and Computation 2, 257 (2002).

a) Transport ions from right to left
b) Separate two ions to right and left side  

DC

RF

Vision:



Goals:
• displace ion crystals and separate     
ions from crytals

• Quantum-logic operations
• Combination of quantum-logic and 
displacements

• Entanglement swapping generates
non-local entanglement

• Quantum error correction

DIVIDE ET IMPERA

Bell Bell CNOT Be- -ll

Ulm Quantum-Information
Segmented ion trap

FSK, T.Deuschle
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Segmented Ion Traps for
Scalable Quantum Computing

Micro Ion Traps, Decoherence studies

open
positions

ferdinand.schmidt-kaler@physik.uni-ulm.de
http://www.uni-ulm.de/qiv/ 

Ulm Quantum-Information



Results: Ion quantum logic

• Cirac Zoller gate / geometric gate / dispersive gate / 

• quantum tomography

• long lived Bell states

• Deutsch algorithm / non-linear Interferrometer simulation

• 3-qubit W- and GHZ-states / Heisenberg-limited spectroscopy

• deterministic, „on demand“ teleportation

• Error correction

• entanglement swapping

• quantum cloning

• Analog simulation of Hamiltonians

• Scalable devices ......

Literature:
http://heart-c704.uibk.ac.at
and Boulder NIST group


