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Rydberg atoms

 Rydberg states are electronic states with very high principle 
quantum number, n (n ~ 100)
 Atomic „radius‟ scales as r ~ n2

 Dipole moment scales as     ~ r ~ n2

 Recall dipole-dipole interaction:

 i.e. Two Rydberg atoms can have large dipolar interactions 
even at modest separations

 Quantum gates need strong, long range interactions for fast 
gate speeds



Rydberg blockade

 In general, blockade refers to the prevention of flow or 

excitation of one particle due to the presence of another 

particle.

 e.g. Coulomb blockade, photon blockade

 Here, the presence of one Rydberg atom prevents the 

excitation of a second, nearby atom to its Rydberg state by 

way of dipole-dipole interaction.

 Laymen‟s picture:  electric field of large (Rydberg) dipole 

moment shifts corresponding level of nearby atom out of 

resonance with excitation beam



 In absence of „control‟ Rydberg state, target atom may 
undergo 2π rotation through its Rydberg state.

 In presence of control Rydberg state, target cannot be 

excited to its Rydberg state – no phase is incurred.

Rydberg blockade as a controlled phase gate



From C-phase to C-Not

 Multiple ways to achieve a C-Not gate from a C-Phase operation  

 e.g. Hadamard-Cz or Amplitude Swap 

 These require additional single-qubit rotations

 (All are π rotations unless otherwise indicated)



From C-Not to entanglement

 To create entanglement using C-not gate prepare 
initial states:

 Applying C-Not yields Bell states:

 Voila!



But how did they do it in the lab?!

Rotate some frequency knobs



References for various knob 

turning actitvities

 Trapping, ground and Rydberg state Rabi oscillations:

 Rydberg Blockade:

 C-Not gate:

 Deterministic entanglement:

arXiv:1007.0397v1 [quant-ph] 2 Jul 2010



Trapping two single atoms

 Far-Off-Resonance-Trap (FORT) is used to confine 
atoms

 Atoms are loaded from a MOT to the FORT

 Some numbers:
 1030nm or 1064nm trapping beam with waist = 3.2µm

 Trapping sites are  8.7µm,10µm apart

 σx,y = 0.3µm, σz= 4µm

 T ~ 250µK

 Presence of two single atoms is verified by spatially 
resolved fluorescence with pre-calibrated thresholds



Trapping two single atoms



Rydberg Rabi oscillations

 Two-photon transitions are used

 Measuring ground state population:

 Photo-ionization of Rydberg level (by FORT beam) is much 

faster than rate of radiative decay down to ground state

 „blow away‟ atoms in Rydberg levels and then measure 

ground state population using MOT light and cyclic transition

 This „enables detection of Rydberg excitation by monitoring 

atom loss.‟ 



Rydberg Rabi oscillations



Observing Rydberg Blockade



Observing Rydberg Blockade

Blockade Shift:

Separation between 

atoms:

Therefore, double 

excitation probability:

...or 0.1!

Rabi frequency:



 Atoms pumped into

 Ground state pi pulses are then selectively 

applied to prepare desired initial state

 Hadamard-Cz : 

 Amplitude swap: 

 Measure output state:

 Atoms left in f=2 are blown away with unbalanced radiation pressure

 “and a measurement is made to determine if the selected output state is present”

 e.g. If you want to check for |f=2,f=1>ct then apply pi pulse to control atom, send 

in blow away light and then measure if atoms remain in both sites

C-Not gate from C-Phase operation



C-Not gate from C-Phase operation



Accounting for low fidelity

 Sources of error:

 Imperfect optical pumping, drift of laser pulses

 Blockade „leakage‟ (Double excitation probability: 0.1)

 Imperfect pulse areas 

 These yield the possibility of occupying Rydberg states 

at the end of pulse sequence, and FORT beams will 

photo-ionize these atoms...hence, lost.



 Optical pumping into 

 Basis:

Deterministic entanglement



Deterministic entanglement

 Ground and Rydberg Rabi oscillations



Deterministic entanglement

 State preparation and C-Not
Fidelity:



Deterministic entanglement

 Prepare initial states:

 Applying C-Not yields Bell states:

 Measure:



Verifying entanglement

 Use the parity signal:

 Parity signal should vary as:

where C2 is coherence between 

and C1 is the coherence between 

 A sufficient condition for entanglement is 

 Fidelity is given by:



Conclusion

Frequency knobs are a bit more complicated 

than wave plates



Comparison of Rydberg blockade


