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1. Why Rydberg atoms? 

2. Quantum phase gate

3. Experimental implementation: CNOT gate

4. Atomic ensembles



1. Rydberg atoms
• Excited atoms in a very high 

principal quantum number 𝑛

• Size <r> ~ 𝑛2

� 1000-10000 times larger

• Dipole matrix element 𝑑~𝑛2

• Strong interaction
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1. Advantages of Rydberg atoms

• Share a lot of advantages with ions

• Radiative lifetime

• τ~𝑛3

• Interaction can be turned off

� unique feature

� Qubit stored in lower levels

� Rydberg state used only for

computing
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1. Rydberg blockade
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• 𝐻 = Ω
2 ො𝜎1𝑥 + ො𝜎2𝑥 − 𝑢 ො𝜎1𝑟𝑟 + ො𝜎2𝑟𝑟

• 𝑢 = 𝐶6
𝑟6 => 𝑟𝐵 =

6 |𝐶6|
Ω

2. Quantum gates
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• Single qubit gates

-> rotation on Bloch sphere

• Two qubit gates

-> controlled gates

• Universal set required for computing

-> e.g. H, S, T, CNOT

wikipedia.org/wiki/Quantum_logic_gate



2. Quantum phase gate
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• Bloch sphere: Rotation around the z-axis

• 𝑃(φ) = 1 0
0 𝑒𝑖φ , | ۧ0 → | ۧ0 and | ۧ1 → 𝑒𝑖φ| ۧ1

φ = 𝜋 => Z-gate: 
1 0
0 −1

φ = 𝜋
2 => Phase flip gate: 

1 0
0 𝑖

φ = 𝜋
4 => 

𝜋
8 - gate: 

1 0
0 𝑒𝑖𝜋/4
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• Two atoms at fixed position

• Interaction strength 𝑢(𝑅) between Rydberg states

• Stored in atomic ground states | ۧ𝑔 𝑗 = | ۧ0 𝑗 and | ۧ𝑒 𝑗= | ۧ1 𝑗

• | ۧ𝑔 𝑗 coupled to Rydberg state | ۧ𝑟 𝑗by Ω𝑗



2. Quantum phase gate: model A
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• Ω1 = Ω2 = Ω and  Ω ≫ 𝑢

1. Apply 𝜋 pulse: | ۧ𝑔 1| ۧ𝑔 2 = | ۧ𝑔𝑔 → −| ۧ𝑟𝑟

2. ቚ ۧ𝑟𝑟(∆𝑡) = 𝑒−𝑖𝐸∆𝑡| ۧ𝑟𝑟(0)

3. Apply 𝜋 pulse again: −𝑒𝑖𝜑| ۧ𝑟𝑟 → 𝑒𝑖𝜑| ۧ𝑔𝑔

| ۧ𝑔

| ۧ𝑔

| ۧ𝑔

| ۧ𝑟

| ۧ𝑟

| ۧ𝑟
𝜋𝜋

𝜋𝜋

2. Quantum phase gate: model A
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• No individual adressing required

• Inaccurate: 𝑢 depends on 𝑅
=> very sensitive

• Strong mechanical effects while in state | ۧ𝑟𝑟



2. Quantum phase gate: model B
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• 𝑢 ≫ Ω𝑗, Ω1 ≠ Ω2

1. Apply 𝜋 pulse to the first atom

2. Apply 2𝜋 pulse to the second atom

3. Apply 𝜋 pulse to the first atom

| ۧ𝑟| ۧ𝑟

| ۧ𝑟| ۧ𝑟

| ۧ𝑟| ۧ𝑟

| ۧ𝑔| ۧ𝑔

| ۧ𝑔| ۧ𝑔

| ۧ𝑔| ۧ𝑔
𝜋

𝜋 𝜋𝜋

𝜋 𝜋

2𝜋

2. Quantum phase gate: model B
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1. | ۧ𝑔𝑔 → 𝑖| ۧ𝑟𝑔

2. Second pulse detuned due to 𝑢 ≫ Ω𝑗
𝑖| ۧ𝑟𝑔 → 𝑖𝑒𝑖𝜑| ۧ𝑟𝑔
𝜑 ≈ 𝜋Ω2

2𝑢 → 0

3. 𝑖𝑒𝑖𝜑| ۧ𝑟𝑔 → 𝑒𝑖(𝜋−𝜑)| ۧ𝑔𝑔



2. Quantum phase gate: model B
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• The state | ۧ𝑟𝑟 is never populated

• Only weakly sensitive to 𝑅

• ∆𝑡 ≈ 2𝜋
Ω1
+ 2𝜋

Ω2

=> easier to design robust quantum gates

3. First implemenation of a CNOT gate
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3. Controlled-NOT quantum gate
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| ۧ𝟎 | ۧ𝟏

1 0
0 𝜎𝑥

| ۧ𝟎
| ۧ𝟏

3. First implementation of a CNOT gate
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• Amplitude swap CNOT

• Control atom in state | ۧ1
=> pulses 1 and 7 are detuned

=> target atom is swapped by 2-6



3. First implementation of a CNOT gate

Jens Hartmann Rydberg atoms and gates 17

• Trapping the atoms at 

𝑅 ≈ 10𝜇𝑚

• Optical pumping to initial state

• Two different detunings

=>two photon excitation

3. First implementation of a CNOT gate
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10 % loss due to
collisions between
measurements



3. Fidelity
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• 𝐹 = 0 for orthogonal states, 1 for identical states

• 𝐹 = Tr ො𝜌 ො𝜎

3. Is it quantum?

Jens Hartmann Rydberg atoms and gates 20

• Has to be able to create entangled states

• Use 
𝜋
2-pulse to prepare input states:

• | ۧ00 → 1
2 ห ۧ0 + 𝑖| ۧ1 | ۧ0 and   | ۧ01 → 1

2 ห ۧ0 + 𝑖| ۧ1 | ۧ1

• | ۧ𝐵1 = 1
2 ห ۧ00 + |1 ۧ1 and   | ۧ𝐵2 = 1

2 ห ۧ01 + |10

CNOT



3. Entanglement
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• Entanglement measurable: 𝐹 = 0.58

• Satisfying result since

• 𝑇 = 200 μK

• Large separation R

4. Ensembles
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4. Ensembles
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• Prepare all atoms in specific sublevel 𝑔

• Use metastable sublevels q for storage of qubits

• One ensemble as a qubit

=> Same computation possible as in Model 2A

4. Ensembles
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• Easier coupling to light

=> operations between distant ensembles

• Easier trapping



Summary
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• Advantages of Rydberg atoms:

• Strong interaction

• Interaction can be turned on/off

• Rydberg blockade

• Long decoherence time

• Rydberg atoms or Ensembles possible

• Rydberg gates experimentally feasible

• Fast computation time

• Universal set of quantum gates necessary


