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Experimental quantum information =  

 

Theoretical quantum information  

+ reality 



Experimental quantum information =  

 

Theoretical quantum information 

+ reality 

noise, decoherence experimental limitations 



Overview 

• Lecture 1: Experimental quantum information 
– systems, successes and pitfalls 

 

• Lecture 2: Quantum information with Rydberg 
atoms – The ingredients 

 

• Lecture 3: The state of the art - and beyond 



Quantum Computers 

cNOT gate 
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Set of universal quantum gates: cNOT plus single qubit gate 

Single qubit gate, e.g. 
Hadamard gate H 

Takes |0> and |1> into 
superposition states 

control 

target 



Quantum Computers 
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Measure-
ment 

Deutsch algorithm (checks whether a function is constant or balanced) 



Working principle of a quantum 

computer 



Decoherence 

|0> 

|1> 

superposition of |0> e |1> time evolution 
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Decoherence 

|0> 

|1> 

environment 

(interaction through EM fields) 

measurement 

trace over the environment-> coherence vanishes, the system becomes a mixed state 



Quantum Computers 

• Be a scalable physical system with well-defined qubits 
• Be initializable to a simple fiducial state such as |000...> 
• Have decoherence times that are much longer than the gate times 
• Have a universal set of quantum gates 
• Permit high quantum efficiency, qubit-specific measurements 

The DiVincenzo criteria 

For a system to be a possible candidate for the implementation of a quantum 
computer, it must: 

Can we satisfy these criteria using ultra-cold atoms? 





 



NMR quantum computer 

nuclear spin/ 
magnetic moment 

EM field 

spin flips for a well-defined 
resonant frequency 

resonance 
frequency 
depends on 
interactions with 
nearby nuclei 



Shor’s algorithm on an NMR QC 



Solid state quantum computers 

• can exploit current technology (lithography) 
• easy to scale 
• problem: coherence times 



Ion trap quantum computers 



Ion trap quantum computers 



Paul traps 

Ion trap quantum computers 



 



Ion trap quantum computers 



Ion trap quantum computers 



Ion trap quantum computers 



Multi-region ion traps 

Nature 417, 709 



Neutral atom quantum computers 

Optical lattices 

• easy to trap an manipulate atoms, geometry 
can be freely chosen 
 

• neutral atoms interact very weakly with the 
environment – long coherence times 
 

• but: not easy to address single atoms 
(although lots of progress recently!) 
 

• atom-atom interactions are weak, so gate 
times are long (you can guess where this is 
going…!) 



Neutral atom quantum computers 

Collisional phase gate 

Entanglement is generated by coherently splitting the atomic wavefunction  and 
them making the atoms in neigbouring sites collide by shifting the two lattices 



Neutral atom quantum computers 

Miroshnychenko et al., Nature 442, 151 (2006) 

Atom conveyor belt 



Neutral atom quantum computers 



Quantum Simulators 



Quantum simulators 

Quantum Computer Quantum Simulator 

• multi-purpose 
• quantum gates 
• algorithms 

• single-purpose 
• implements a Hamiltonian 
• computer calculation intractable 
• analogue or digital 



Quantum simulators 
Finite-temperature Mott insulator transition 

Use Quantum Monte Carlo simulation to “benchmark” the quantum simulator 



Quantum simulators 



Quantum computing by “annealing” 



D-Wave: The first commercial 

quantum computer? 

 

 

http://www.dwavesys.com/ 

http://www.dwavesys.com/en/dw_homepage.html


 



Lecture 2: Quantum information with 
Rydberg atoms: The ingredients 

• Quantum control of a single Rydberg 
excitation: Rabi oscillations 

 

•  Interactions between Rydberg atoms: The 
dipole blockade 

 

•  Quantum control of collective excitations 



Rabi oscillations 

• single atoms trapped in FORT @ 1030 nm 
• optically pumped into |f=2,mf=2> 
• excite with FORT off, then turn FORT back 
on and measure ground state population  
• presence of further atoms leads to 
dephasing (but interactions not strong 
enough to cause collective excitations)  



Rabi oscillations 

• simultaneous Rabi oscillations of 
around 100 atoms 
• flat-top beam ensures homogeneous 
Rabi frequency  
• damping of oscillations due to 
admixture of intermediate state, laser 
linewidth and intensity distribution 



The dipole blockade 

Rmax 

V = C6/ Rmax
6  ~ Dnlaser R

g

R

g

Dnlaser 

Blockade radius up to tens of microns for 
our parameters 



The dipole blockade 

collective excitation (“super-atom”) with Rabi frequency 
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The dipole blockade 

• single-step excitation of p-state using UV laser 
• scaling data with (30*/n*)3  (transition matrix element) reveals effect of blockade (inset in LH 
figure) 
•  blockade effect increases with density (=with decreasing inter-particle spacing) 



The dipole blockade 

• strong blockade regime: N>>1 
in a single blockade radius 
 

• characteristic saturation of 
Rydberg number  
 

• scaling of excitation timescale 
with  
 

• observe universal scaling 

N



The dipole blockade 

arXiv:1209.0944 

• in a 2D Mott insulator in an optical lattice, 
crystalline structures of Rydberg excitations are 
observed 
• the inter-particle correlation function shows a 
clear suppression below the blockade radius 



The dipole blockade 

• dynamics reproduced by 
numerical model taking into 
account a limited number of 
possible excitations 
 



The dipole blockade 
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Counting statistics: 
Mandel Q-Parameter, 

Sub-Poissonian counting statistics 

1D excitation geometry: 
number of Rydberg excitations as 

a function of length of cloud 
 
 



The dipole blockade 

1

22





e

ee

N

NN
Q

0Q : Poissonian counting statistics 



The dipole blockade 
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The dipole blockade 
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The dipole blockade 
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• in MOT, interparticle spacing 
around 2-5 microns; blockade 
radius 10 microns 

0Q : Poissonian counting statistics 



The dipole blockade 

• Rb MOT; atom numbers 
between 103 and 106 

• TOP-trap and dipole trap to 
reach BEC 
• two-step Rydberg excitation 
(40<n<80) 
• field ionization and detection 
using channeltron 



The dipole blockade 

• as expected, the strong 
correlations due to the dipole 
blockade lead to a 
suppression of fluctuations 
 

• off-resonance, enhanced 
fluctuations are observed 
(super-Poissonian statistics) 
 

• well reproduced by a Dicke-
type model  



Dipole blockade in 1D geometries 



Dipole blockade in 1D geometries 



Dipole blockade in 1D geometries 



Dipole blockade in 1D geometries 



Dipole blockade in 1D geometries 

J.V. Hernandez and F. Robicheaux, J.Phys. B 39, 4883 (2006);  



Dipole blockade in 1D geometries 



Dipole blockade in 1D geometries 



Dipole blockade in 1D geometries 



Dipole blockade in 1D geometries 

up to 1mm 

1-2 mm 



Dipole blockade in 1D geometries 

up to 1mm 

1-2 mm 



Dipole blockade in 1D geometries 

• number of Rydberg excitations grows 
linearly with the size of the condensate 
• 1D “lattice” of excitations? 
• can extract blockade radius from 
slope of linear fit 



Dipole blockade in 1D geometries 

• extracted blockade radius 
agrees well with theoretical 
prediction assuming a 
reasonable laser linewidth 
(around 300 kHz) 
 



Rydberg atoms in optical lattices 



Rydberg atoms in optical lattices 

Ultra-cold atoms in optical lattices:  
• spatial order 
• “artificial crystal” 
• possibility of simulating solid state systems (Bose-Hubbard model, Mott 
insulator) 



Rydberg atoms in optical lattices 

Ultra-cold atoms in optical lattices plus long-range interactions:  
• quantum simulation of more sophisticated Hamiltonians 
• quantum control 
• quantum computation 



Rydberg atoms in optical lattices 

d=l/2 



Rydberg atoms in optical lattices 

d=l/2sin(q/2) 
 

i.e., can realize d between 0.5 mm and 30 mm 



Rydberg atoms in optical lattices 

• possibility to interpolate between 
extreme cases of  
blockade radius << lattice spacing 
and 
blockade radius >> lattice spacing 
 
 
 



Rydberg atoms in optical lattices 

• can measure phase coherence 
of condensate using time-of-
flight images of interferece 
pattern 
 
• detect practically no decrease 
in coherence after up to 10 
excitation/detection cycles 
 



Rydberg atoms in optical lattices 
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I. Lesanovsky and B. Olmos 



Rydberg atoms in optical lattices 
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• excitation dynamics agrees well with simple theoretical model 
• (approximately) uniform distribution achieved by “cutting” into expanded condensate 
• for different atom numbers per lattice well scaling with        observed 
 
 

N

53D5/2, between 6x103 and 8x104 atoms, lattice spacing 2.6 microns, 30-50 wells occupied 



Rydberg atoms in optical lattices 

d = 26.7 mm 



Rydberg atoms in optical lattices 

d = 26.7 mm 

• around 100-400 atoms per lattice site 
 

• size of excitation beam 12 microns 
(effectively 17 microns due to angle) 
 

• position of lattice stable to within  
1 micron 
 
 
 



Collective Rabi oscillations 

• for large enough n, only a single 
excitation fits into the volume 
 

• single-excitation character reflected in 
correlation function of the detection 
photons 



Collective Rabi oscillations 

doi:10.1038/nphys2413  

• several Rabi cycles observed 
• collective enhancement of Rabi frequency 



Lecture 3: The state of the art –  
and beyond 

• can use cold atom techniques, including manipulation with optical lattices 
 

• long decoherence times in the ground state 
 

• strong interactions between Rydberg states – fast gates possible! 

Attractive features of ultracold Rydberg atoms: 



Dipole blockade and Rydberg gates 

• Rydberg excitation of atom in control site blocks excitation  of target atom 



Dipole blockade and Rydberg gates 

• when trying to excite both atoms simultaneously,        enhancement of Rabi frequency 
is observed  
• collectively excited state is entangled 

2



Dipole blockade and Rydberg gates 

• CNOT gate was implemented using the 
dipole blockade 
• fast gate: microsecond timescale! 
• limited fidelity due to thermal motion, 
atom loss, imperfect pulses 



The DiVincenzo criteria 

For a system to be a possible candidate for the implementation of a quantum 
computer, it must: 

Looks like it might not be completely impossible! 

QC with Rydberg atoms: checklist 

• Be a scalable physical system with well-defined qubits 
• Be initializable to a simple fiducial state such as |000...> 
• Have decoherence times that are much longer than the gate times 
• Have a universal set of quantum gates 
• Permit high quantum efficiency, qubit-specific measurements 



Rydberg quantum simulator 

H. Weimer et al., Nature Phys. 6, 382–388 (2010). 



The “real world” quantum computer 

E. Knill 



Summary 

• Several systems are under investigation for the realization of a useful 
quantum computer 

• Rydberg atoms have a number of attractive features for quantum 
computing: long decoherence times in the ground state, strong 
interactions (=fast gates) in the excited state, easy to manipulate 

• Coherent excitation of Rydberg states and interaction effects (dipole 
blockade) have been studied extensively in recent years, and coherent 
control of collective excitations has just been demonstrated 

• CNOT gate and entanglement of two atoms using the dipole blockade has 
been realized 

• Many proposals (gates using collective excitations, collective qubit 
encoding) are waiting to be realized – plus many more to be developed by 
you! 


