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Quantum computing: Superposition & Entanglement

Classical States Quantum States

Superposition:

State = ∝ ȁ ۧ0 + 𝛽ȁ ۧ1

There is an amplitude 

and phase relationship 

between 0 and 1 states

BITS N-BIT WORD QUBITS
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Entanglement:

State = ∝ ȁ ۧ00 + 𝛽ȁ0 ۧ1 +  ȁ ۧ10 + ȁ1 ۧ1

Bell State = ∝ ȁ ۧ00 + 𝛽ȁ1 ۧ1

BITS N-BIT WORD QUBITS

Classical States Quantum States
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BITS N-BIT WORD QUBITS

Classical States Quantum States

N-QUBIT-WORD



© 2025 Quantinuum. All Rights Reserved.

Quantum computing: Superposition & Entanglement
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Classical States Quantum States100 qubits = 1030 complex amplitudes to describe

QUBITSBITS N-BIT WORD N-QUBIT-WORD
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QUBITs are fragile…

Transistor in a processor (2008)

 [1]: avg. one error per 𝟏𝟎𝟐𝟖 operations 

Quantum technologies (nowish): 

avg. one error per 𝟏𝟎𝟑 operations (99.9% fidelity)

Operations for large-scale quantum algorithms:

RSA/Shor4096 ≈ 𝟏𝟎𝟏𝟐 CNOTs

[1]  Pradip Bose, Designing Reliable Systems with Unreliable Components; IEEE Computer Society
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Trapped-Ion QCCD Architecture
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QUANTUM CHARGE-COUPLED DEVICE DEMONSTRATED BY QUANTINUUM

ION TRAP ARCHITECTURE

Quantum bits (qubits) are stored in the electronic 

states of Yb+ ions

171Yb+
ȁ ۧ1

ȁ ۧ0

138Ba+ COOLING ION

HYPERFINE QUBIT

ARCHITECTURE FEATURES

▪ Identical, high-quality qubits

▪ Dedicated interaction zones 

▪ Short ion chains

▪ High fidelity quantum gates

▪ Ions transport from zone to zone 

System Model H1 with N=20 qubits
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32 qubits 

transporting around
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Now at 56 Qubits
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Parameterized 2Q gate Mid-circuit 

measurement and reset

Arbitrary connectivity

𝑈𝑍𝑍 𝜃 = 𝑒−𝑖𝑍𝑍𝜃/2

ȁ𝜓1ۧ

𝑐

ȁ0ۧ

ȁ𝜓2ۧ
Measure Reinitialize

Quantum state remains intact

𝑅𝑧(𝜃)

𝑈𝑧𝑧(𝜃)

Allows qubit reuse on 

physical layer

Direct entangling 

operations between 

any qubit pairing 

Quantinuum High Quality Qubit Features
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Quantum computing benchmarks

Component System-level Applications

Testable versions of algorithms for 

potential applications

e.g. Hamiltonian simulation

Failure rate of quantum 

operations

e.g. 1Q randomized 

benchmarking

Complex but usually 

random operations

e.g. quantum volume
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Quantinuum Systems
The Most Benchmarked. The Highest Performing.
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Component Level
▪ Single-qubit randomized benchmarking 

▪ Two-qubit randomized benchmarking

▪ Two-qubit SU(4) randomized benchmarking

▪ Two-qubit parameterized gate randomized 

benchmarking

▪ Measurement crosstalk bright state 

depumping

▪ Reset crosstalk bright state depumping

▪ SPAM test

▪ Two-qubit cycle benchmarking

System Level
▪ Mirror benchmarking

▪ Quantum volume

▪ Random circuit sampling

▪ GHZ state fidelity

Algorithmic Level
▪ 1D transverse field Ising model simulation

▪ QAOA

▪ Repetition code

▪ HoloQUADS

𝜖𝑀𝐶𝑀 = 4.5(3) × 10−6

𝜖2Q 𝜃  10−3 2.9(2) Τ𝜃 𝜋 + 0.46(6)

𝜖1𝑄 = 2.5(3) × 10−5PRX 13, 041052 (2023)

github.com/CQCL/quantinuum-hardware-h2-benchmark 
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010101…

100110…

110010…

111001…

101110…

010011…

𝑃

Random quantum 

circuit

1

2𝑁

Random circuit sampling
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010101…
100110…
110010…

111001…
101110…
010011…

𝑃

Bad random circuit sampling

Random quantum 

circuit

1

2𝑁

Random quantum 

circuit

Random circuit sampling
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010101…
100110…
110010…

111001…
101110…
010011…

𝑃

Good random circuit sampling

Random quantum 

circuit

1

2𝑁

Random quantum 

circuit

Random circuit sampling
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𝜓

not 𝜓

Mirrored circuits estimate fidelity
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How hard is this classically?

Cost estimates based on state-of-the-art TN 

contraction heuristics:
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How hard is this classically?

Cost estimates based on state-of-the-art TN 

contraction heuristics:

Minutes

Never
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A brief history of quantum advantage claims
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A brief history of quantum advantage claims

We believe H2 can perform RCS at such high fidelities that

the loopholes pointed out by these papers do not apply:

Classical simulation of H2’s RCS results probably requires

(essentially) exact simulation of the circuits it ran
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High fidelity of classically hard circuits 

gives room for classically hard results 

on less contrived problems

Pushing Quantum Advantage Into New Regime
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From random circuits to Hamiltonian simulation

Random circuit sampling Hamiltonian simulationFloquet circuits

HardEasy

• Prethermalization

• OTOCS / scrambling / teleportation
• Dynamics on random graphs

• Non-equilibrium quenches

• Thermal physics
• Threshold for interesting problems

• Benchmark for hardware errors

Perfect entanglers

𝑒𝑖𝐴 𝑒𝑖𝐵 𝑒𝑖𝐴 𝑒𝑖𝐵 𝑒𝑖𝐴 𝑒𝑖𝐵

Partial entanglers

𝑒𝑖𝐴/𝑓𝑒𝑖𝐵/𝑓𝑒𝑖𝐴/𝑓𝑒𝑖𝐵/𝑓𝑒𝑖𝐴/𝑓𝑒𝑖𝐵/𝑓

Weak entanglers

≈ 𝑒𝑖(𝐴+𝐵)

H2
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Our greatest aid: angle-dependent TQ gate errors

~1 × 10−3

~2 × 10−4
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Prethermalization 
Assessing the stability of digital quantum matter
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𝑒 Τ1 𝜖

Teeny time steps

Continuous time translation invariance

Energy Conservation

Thermalization

Huge time steps (e.g. perfect entanglers)

No energy Conservation

Infinite temperature / random states

Discrete time translation invariance



© 2025 Quantinuum. All Rights Reserved.

Prethermalization 
Assessing the stability of digital quantum matter

Teeny time steps

Continuous time translation invariance

Energy Conservation

Thermalization

Huge time steps (e.g. perfect entanglers)

No energy Conservation

Infinite temperature / random states

Discrete time translation invariance

Middle ground: Emergent energy conservation

𝜖 < 𝜏 < 1
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log(𝑡)

𝑒 Τ1 𝜏

arXiv:2410.10794
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Introducing Helios

Junction transport allows for 

higher qubit counts and full 

connectivity at higher speeds

Barium-137 qubits will 

provide lower error rates

~100 fully connected qubits, lower errors, faster operations
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From here to Apollo

*analysis based on recent literature in new, novel error correcting codes predict that 

error could be as low as 1E-10 in Apollo (ref:  arXiv:2403.16054, arXiv:2308.07915)
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Enabling Large-Scale Quantum Computation

QEC: Quantum error correction

Suppresses noise in a quantum computer  

→  more operations

How? Encode qubits into many other 

qubits  →  logical qubits
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• Bit-flip error: 

𝟎 ⟷ 𝟏

• A key idea in both classical and quantum error correction is redundancy.

• The repetition code:

𝟎 → 𝟎𝟎𝟎

𝟏 → 𝟏𝟏𝟏

Error Correction
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Quantum is A BIT different…

1. Not just bit flip errors 

2. Measurement collapse

3. No cloning (need encoding circuits)

4. Universal gate sets are not easy 

https://meme.xyz/m/meme/15316/when-youre-a-quantum-particle-in-a-state-of-superposition-but-youre-about-to-pass-through-a-detector.html
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• We demonstrated beyond break even error rates using 

both the Steane code and a code developed by Microsoft, 

the Carbon Code [[12,2,4]]

MSFT x Quantinuum Announcement
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• We demonstrated beyond break even error rates using 

both the Steane code and a code developed by Microsoft, 

the Carbon Code [[12,2,4]]

MSFT x Quantinuum Announcement



TRY H1/H2!

▪ Quantum Computing User Program from 
Oak Ridge National Laboratory

https://www.olcf.ornl.gov/olcf-resources/compute-
systems/quantum-computing-user-program/

▪ Azure Quantum Credits Program from 
Microsoft

https://aka.ms/aq/credits
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Third party software

Enables other partners to 

leverage the power of quantum 

Next generation of molecular 

and materials discovery

Algorithm Libraries

Quantum Machine Learning 

Quantum Monte Carlo Integration

Quantum Natural Language Processing

Quantum Error Correction: Quantinuum and partners

We deliver full-stack value

Powered by Honeywell

The world’s highest-performing quantum hardware
Other quantum 

computers

Quantum workflow orchestration platform

High-performance quantum SDK  |  Open-source 



Thank you
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