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Overview 

• Taking advantage of Rydberg atoms  

• Approach and experiment 

• Experimental demonstration of strong 
ground-state atom-atom interaction 

• Experimental demonstration of neutral 
atom Bell-state entanglement 

• Summary and outlook 



Strong Electric Dipole Moment 
An example of the radial wavefunctions of a Cs atom at 𝑛 = 100: 

A Rydberg atom has a strong electric dipole moment. 
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Blockade & Electric Dipole-Dipole Interaction 
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Blockade shift U 

Normally, 1 ≤ U ≤ 1000 MHz. 



Interaction between Two Rydberg-Dressed Atoms 

Normal light shift: With Rydberg blockade: 
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Advantages of Rydberg-Dressed Atoms 
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Tunable interaction strength (J), low sensitivity to atom motion, and effectively 
strong ground-state interactions. 
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Our Approach to Rydberg Dressing  

1038 nm 1038 nm 

318 nm 

459 nm 

Advantages: 
• Reduced photon scattering 
• Minimizes dipole forces 

 
Disadvantages: 
• Increased Doppler sensitivity 
• Laser system cost and complexity 

 
 

852 nm 

508 nm 

Cesium energy levels 



318-nm Rydberg Excitation Laser 

Doubling cavity 

Sum-frequency mixing 

200 mW, 318 nm 

1070 nm input, 5 W 

1575 nm, 5 W 

Hankin, et. al. “Two-atom Rydberg blockade using direct 6S to nP excitation,” Phys. Rev. A, 
89, 033416 (2014) 



Experimental Setup 

ITO coating 

2.75 mm lens 

Vacuum 

cell 

Single-atom 

traps 



Experimental Sequence 



First Evidence of Rydberg-Dressed Interaction 
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Off-resonance 318-nm laser pulse duration (us)

Model
TwoSinesDecay1 (User)

Equation

y = A0+exp(-r*x)*(A1*sin(
2*pi*f1*x+p1)+A2*sin(2*pi
*f2*x+p2))

Reduced Chi-Sqr
0.10992

Adj. R-Square 0.9569

Value Standard Error

B A0 6.54858 0.03748

B r 0.12806 0.01721

B A1 -2.44258 0.1357

B f1 1.18469 0.00331

B p1 -0.08137 0.06187

B A2 -2.15781 0.13303

B f2 0.95958 0.00364

B p2 -0.49055 0.06951

𝜋 𝜋
2 

𝜋
2 

318 
pulse 

318-nm laser dressed spin echo sequence 

𝜔1 
𝜔2 

|11  

|00  

|01 , |10  

𝛿𝐿𝑆 

J 

2-qubit basis 

2𝛿𝐿𝑆 

A frequency beat note is generated 

if 𝜔1 ≠ 𝜔2 

2.93 um trap spacing 

Qubit state 

Microwave transition is via Raman laser 



Two-Qubit Microwave Resonances 
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Frequency offset (MHz)

P
0,0

𝐽/ℎ ≈ 750 kHz 

P1,1, P1,0, P0,1, and P0,0 denote relative  
populations of state |1,1 , |1,0 , |0, 1 , and |0,0 . 



J vs R 
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Weighted Rydberg Energy levels: Excitation from ground-state to 64P3/2

x-polarized light; B = 4.8 G; E = 6.4 V/m;

Direct measurement of two-qubit interaction strength J as a function of two-atom 
separation with two conditions.  



Producing Bell-State Entanglement 

Single-atom Rabi 
oscillation: |1 ↔ |0  

Two-atom Rabi oscillation:  

|11 ↔ (|10 + |01 )/ 2 

• 2 times faster 

• No significant population 
being transferred to |00  

• Bell state |Ψ+  is produced 

at 𝑡 = 𝜋/ 2Ω𝑚𝑤 

Initial state is |1  or |11 , then apply 318-nm and Raman lasers  
Experimental data with 𝐽/ℎ ≈ 750 kHz 



Entanglement Fidelity ≥ 81% 

Prepare two Cs atoms in Bell 
state |Ψ+  or |Φ+  

Apply a global 𝜋/2 rotation 
with a given phase 

Perform parity measurement 
𝑄 = 𝑃11 + 𝑃00 − (𝑃01 + 𝑃10) 

Obtain the two-qubit 
entanglement fidelity 𝐹, 

where 𝑄 ≤ 𝐹 ≤ 1. 

Verify the entanglement via parity measurements  
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Summary and Outlook 

• We have demonstrated effective ground-state interaction 𝐽/ℎ~ 1 MHz via 
Rydberg dressing technique. 

• We experimentally show neutral-atom entanglement with a fidelity ≥ 81±2%.  

• With two-atom  survival probability is about 74% and about 10-Hz data rate, we 
produce 6 entangled pairs per second.  

• Multi-atom entanglement can be achieved based on the similar approach. 

• Universal quantum gate control can be realized with individual addressing of 
the trap atoms.  

• We will implement adiabatic Rydberg dressing to improve the quantum control 
fidelity. (see Tyler Keating’s poster for more details.) 



BACK UP SLIDES 



Atomic Rydberg States 

Energy levels of a cesium atom 

Rydberg states 



Blockade Strength vs Interatomic Distance 

Förster regime 

van der Waals 
regime 

𝑅𝑐 = 4𝐶3
2/𝛿2

1
6 

Example of two Cs atoms at 100S1/2 state 



Ideas of Rydberg Dressing 



Electric-Field Sensitivity of Rydberg States 

The electric field sensitivity 
is proportional to 𝑛7. 

𝑛 = 15 𝑛 near 100 



Rydberg-State Lifetime 

Calculated lifetimes: 
 84P3/2   64P3/2 
T1 =  270 s  150 s 
 
Measured lifetimes: 
 84P3/2   64P3/2 
T1 =  0.8(1) s  15(4) s 

Illumination of laser beams on the ITO coated glass surface is reducing the Rydberg state lifetime! 

Optical Rabi oscillations 



Dynamically Tuning the Optical Tweezers 
Preparing atoms at 

normal trapping 
separation 

Trapped atoms 
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Bring the atoms closer 
for strong Rydberg 

interactions 

Return to the normal 
position for signal 

detection 

Lens 


