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Trapping neutral atoms

∼ 12000 trapped atoms
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Trapping neutral atoms
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Trapping ions
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Atomic species choice
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Atomic states and qubit encoding

Rubidium Atom 

Energy

5𝑆1/2, 𝐹 = 1

5𝑆1/2, 𝐹 = 2

Qubit

|0⟩

|1⟩
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Energy levels and qubit

Rubidium
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Motional dephasing

Ramsey experiment:
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𝑇1 and 𝑇2 times
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Rabi oscillations

Energy

5𝑆1/2, 𝐹 = 1

5𝑆1/2, 𝐹 = 2

Qubit

|0⟩

|1⟩



Atomic states and qubit encoding

Energy

|0⟩

|1⟩

5𝑆1/2, 𝐹 = 1

5𝑆1/2, 𝐹 = 2

6.8 GHz

• Equivalent of the qubit used in 
Rubidium to define the second 

→ very well known

• Strongly insensitive to 
environment → long lifetime and 

coherence time

Long-lived ground states

|0⟩

|1⟩

𝑛𝑆1/2 = |𝑟⟩

297nm

1000THz

Energy

ground

state

Rydberg 

state

=

• Rydberg atoms behave as a dipole: 
strongly interacting

• Long lifetime (compared to interaction)

Entanglement through Rydberg states
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Two-qubit gate through Rydberg interactions
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Energy

|0⟩

|1⟩

Ωe𝑖𝜙

𝑛𝑆1/2 = |𝑟⟩

𝑅

Only |1⟩ is coupled to Rydberg states

420nm + 1013nm lasers

𝐻 = ℏΩ(𝜎1
𝑥 + 𝜎2

𝑥) +
𝐶6
𝑅6

𝑛1𝑛2

Interaction Hamiltonian between two atoms:

These are the lasers 

which connect 1  to |𝑟⟩
This is the energy shift 

due to Rydberg 

interactions



Two-qubit gate through Rydberg interactions

Energy

|0⟩

|1⟩

Ω

𝑛𝑆1/2 = |𝑟⟩
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Energy

|00⟩

|11⟩

2Ω

𝑊 = ( 1𝑟 + |𝑟1⟩)/ 2

Single atom

We connect to the |𝑊⟩ 
state with a strength 

which is 2 higher!

Two atoms in the Rydberg blockaded regime

Entangled state

We use this 2 increase to do a controlled-Z gate



Two-qubit gate through Rydberg interactions
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00 → Not connected to Rydberg                → 00
01 → Only a single atom goes in Rydberg            → 01
10 → Only a single atom goes in Rydberg → 10
11 → Both atoms go in Rydberg: blockaded        → −|11⟩

input output

We perform a Controlled-Z (CZ) gate:

Time

Laser power

Time

Laser phase

𝜉

21

Gate protocol:

Laser pulses effect



Two-qubit gate through Rydberg interactions
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00 → Not connected to Rydberg                → 00
𝟎𝟏 → Only a single atom goes in Rydberg            → 𝟎𝟏
10 → Only a single atom goes in Rydberg → 10
11 → Both atoms go in Rydberg: blockaded        → −|11⟩

input output

We perform a Controlled-Z (CZ) gate:

Time

Laser power

Time

Laser phase

𝜉

21

Gate protocol:

Second pulse 
brings back to |𝟎𝟏⟩

Bloch sphere: very nice tool to represent

dynamics in quantum systems

Energy

|01⟩

Ω

|0𝑟⟩

Relevant levels:

Laser pulses effect

Dynamics:



Two-qubit gate through Rydberg interactions

17

00 → Not connected to Rydberg                → 00
01 → Only a single atom goes in Rydberg            → 01
10 → Only a single atom goes in Rydberg → 10
𝟏𝟏 → Both atoms go in Rydberg: blockaded        → −|𝟏𝟏⟩

input output

We perform a Controlled-Z (CZ) gate:

Time

Laser power

Time

Laser phase

𝜉

21

Gate protocol:

Each pulse ends up 
in |𝟏𝟏⟩ due to the 

𝟐 increase

Bloch sphere: very nice tool to represent

dynamics in quantum systems

Energy

|11⟩

2Ω

|𝑊⟩

Relevant levels: Dynamics:

Laser pulses effect



Two-qubit gate through Rydberg interactions

Gate protocol called Levine-Pichler (LP) gate

𝑊 = ( 1𝑟 + |𝑟1⟩)/ 2Rydberg excitation produces a Bell state:
Energy

|0⟩

|1⟩

Ωe𝑖𝜙

|𝑟⟩

Levine et al., PRL 123 (2019) 

Engineer a controlled-Z gate

CZ gate

00 → |00⟩
01 → |01⟩
10 → |10⟩
11 → −|11⟩
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Operate in the Rydberg blockaded regime (triggered by atom distance)



Two-qubit gate through Rydberg interactions
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Motional states control
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Sideband cooling:



Molmer-Sorensen gate
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