
Figure 1: Qubit represented on the Bloch sphere.
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First conceptualised by Richard Feynman in in 1982, quantum computers have been an area of 

intense research over the past four decades [1]. A primary challenge in the physical development of 

quantum computers is the occurrence of errors occurring during a computation. Quantum computers 

are highly sensitive to these errors which can lead to incorrect and unreliable results. As such, 

developing and modelling methods of quantum error correction (QEC) is a crucial step in the journey 

towards largescale, fault tolerant quantum computing [2].

This project investigates routes to QEC in dual-species neutral atom arrays through computational 

modelling in Python. Interactions between Rubidium (87Rb) and Caesium (133Cs) are modelled and 

strongly interacting Rydberg states for each species are identified. Logic gate operations are then 

simulated and optimised using these states, and their performance in QEC methods are assessed.

Introduction
Classical Bit vs Quantum Bit:
Classical computers encode information in 

binary bits. Quantum computers use 

quantum bits (qubits). Qubits are not 

restricted to binary values and can exist in a 

superposition of states. 

Quantum computers can therefore solve 

complex problems and process large 

numbers of input combinations 

simultaneously.

Figure 3: Atomic qubits from the SQuAre 

hardware at Strathclyde with > 100 qubits.

Rydberg Atoms:
Rydberg atoms are neutral atoms with valence electrons in very 

high energy states (n>40) and have strong atom-atom 

interactions [1]. 

These interactions give rise Rydberg blockade which prevents

neighbouring atoms from also exciting to a Rydberg state. 

Logic Gates:
Single- and multi-qubit logic gates are the building blocks of 

any quantum computation. Due to Rydberg blockade, Rydberg

atoms can mediate interactions between qubits as required in 

gates such as the Controlled NOT (CNOT) gate. Figure 2: CNOT truth table.

Neutral Atom Qubits:
Several promising qubit platforms exist such as 

trapped ions and superconducting circuits. 

Neutral atoms make good qubits as [1]:

→ They can be cooled and trapped in close 

proximity (2µm to 6µm).

→ They have typically weak interactions which 

preserves their state.

→ Their interaction can be controlled for use in 

logic gates.



Finding Förster Resonances
Förster resonances occur in Rydberg pair-states with small or 

zero energy defect. This gives strong atom-atom 

interactions required for logic gates. States where the energy 

defect is small indicate strong interactions.

Energy Defect
The large dipole-dipole moment of two interacting Rydberg 

states gives rise interactions between Rydberg and strongly 

coupled dipole states. This interaction is quantified by the 

energy defect (𝚫):

Figure 4: Energy defect of Rydberg pair states.

Figure 5: Rydberg atom energy defect with increasing n.

Förster Resonances

Figure 6: Rb (n=83), Cs (n=88) pair-state interaction over atom separation.

Suitable for Gates?
High fidelity in a controlled gate such as the 

CNOT gate requires suitably high pair-state 

Rydberg interactions close to 100 MHz or 

more. 

The most promising state identified to 

match this condition is the Rb n=83, Cs 

n=88 pair-state (Figure 6). With an 

interaction strength of 81.43 MHz at 6𝝁m

which can be increased to 100 MHz at 

5.47𝝁m.

Interaction Strength Evolution
Förster resonances give a good indication of pair-states which may have suitable interaction strengths for logic gates. 

Interaction strength scales with atom separation. It is therefore important to calculate interaction strength at experimentally 

achievable separations. A separation of 6𝝁m was chosen based off current neutral atom experiments.

Interaction Strength

2-photon Transition
Modelling Transitions
Optical transitions with Qubits are modelled using the Lindblad 

master equation which can account for the effects of 

spontaneous emission and dephasing on an atomic state:

ሶ𝝆 = −
𝒊

ℏ
𝑯, 𝝆 + 𝑳(𝝆)

Figure 7: Comparison of single- and 2-photon Rydberg excitation. 
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2-Photon Transition to Rydberg States
Optical transitions from ground to Rydberg states are modelled via 

an intermediate excited state in a 2-photon transition. The ground 

to excited state transition is heavily detuned (𝚫𝒆 ~ 1GHz) to 

prevent population transfer into the excited state. 

Rabi oscillations within the 2-photon transition combine to give an 

effective Rabi oscillation (𝛀𝑹) between the ground and Rydberg 

state. 



CNOT Gate Optimisation
CNOT Gate 
CNOT gates are operated on neutral atom qubits through timed pulses of light to 

control their phase and state. The pulse length dictates the phase and final state of 

the qubits while the frequency of light dictates which states in the qubit are affected.

Gate Optimisation
The gate can be modelled to vary experimental 

parameters to optimise a gate process for 

maximum fidelity.

Experimental Limitations
The parameters have experimental 

limitations which prevent optimal gate 

fidelities e.g. the effective rabi frequency and 

excited state detuning are limited by laser 

power. 

Quantum Error Correction
The Surface Code
Direct measurement of a qubit cannot be used to 

check for errors as this process destroys its state and 

information. The project therefore considers the 

planar surface code as a QEC method; a method of 

error correction capable of preserving qubit information 

while detecting errors. Logic qubits used in a 

computation can be entangled with ancilla qubits. 

Through entanglement, errors in the logic qubits are 

detected through measurement of the ancilla qubits, 

all while preserving the logic qubits' states.

Entangling Performance
The surface code requires logic qubits be entangled 

with more than one ancilla qubit. Entanglement of one 

control with X target qubits (CNOTX) is equivalent to a 

CNOT gate applied X times and is easily modelled. 

Entanglement of the Rb n=83, Cs n=88 states through 

an optimised CNOT3 and CNOT4 gate gives a Fidelity 

of F = 0.977 and F = 0.970, respectively.

Parameter Optimisation

Atom Temperature (𝑇) Minimise

Rabi Frequency (Ω𝑅) Peak at 2𝜋 × 3.36MHz

Excited State Detuning 
(Δ𝑒)

Maximise

Atom Separation (𝑅) Minimise

Conclusions
The project found potential dual-species Rydberg pair-

states suitable for use in neutral atom quantum 

computing with QEC. The most promising state 

performed well in CNOT3 and CNOT4 gate operations 

with experimentally realistic parameters.

Despite this, higher fidelities will be required for 

largescale, fault tolerant quantum computing. Further 

investigation will therefore be required before 

experimental realisation of the project.

In combination with a Hadamard gate, a CNOT gate can entangle qubits creating 

Bell states which are used in QEC processes. The performance of a gate in 

creating Bell states is quantified using its fidelity (F): a measure of how closely the 

gate state resembles a pure Bell state.

Figure 9: Optimisation of CNOT gate. Table 1: Summary of parameter optimisation 
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Figure 8: Bell state preparation circuit.


