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Fluorescence
detection with
CCD camera:

Coherent superposition
of SD and DS states?

Phase relation between
both wave function components? 

Measure the density matrix

Entire information is contained in the density matrix

Bell state analysis



00
01

10
11 00011011

00
01

10
11 00011011

00
01

10
11 00011011

00
01

10
11 00011011

Ψ+

Ψ−

Φ+

Φ−

Density matrix for 2 ion entanglement

C. Roos et al., 
PRL 92, 220402 (2004) 

H. Häffner et al, 
Appl. Phys. B 81, 151 (2005)

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



CNOT Gatter



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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Cirac & Zoller gate
with two ions
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SWAP   and  SWAP-1
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Conditional phase gatesConditional phase gates
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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:



Composite phase gate (2π rotation)
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Population of |S,1> - |D,2> remains unaffected
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Single ion composite phase gateSingle ion composite phase gate
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Single ion composite CNOT gateSingle ion composite CNOT gate
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Cirac – Zoller CNOT gate operationCirac – Zoller CNOT gate operation

SS  SS DS DD

SD SD DD DS



input

output

Fidelity of Cirac-Zoller CNOT

|<Yexp| Yideal >|2
F. Schmidt-Kaler et al., 
Nature 422, 408 (2003)

Fidelity : 73%

M. Riebe et al., 
PRL 97, 220407 (2006)

Fidelity : 92,6%



EntanglementEntanglement

control bit target

|SS + eiφ DD>|S+D>|S>         CNOT loc. rotation: ϕ

{ |SS+DD>, |SS-DD>, |SD+DS>, |SD-DS>}

• Super-Ramsey experiment

• Parity check
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EntanglementEntanglement
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Teleportation



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

Bell
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Step by step

Bell state
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rotation



Hiding a qubit
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Hiding and unhiding
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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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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



GHZ und W Zustände



GHZ state:

W state: 



Ion 3
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Ion 1

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) 



W state: |SDD> + |DSD> + |DDS>

ideal 3-ion 
density matrix



ideal 3-ion 
density matrix

W state: |SDD> + |DSD> + |DDS>
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W state: |SDD> + |DSD> + |DDS>

measure only
the middle ion in D

Bell state
SD+DS

measure



Threshold

ion #1 in |D>

Tomography after the measurement result is available!

ion #1 in |S>

Selective measurment



Selectivly projected 3-ion entanglement
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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
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