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Quantum Computing

IBM’s 53 qubit quantum processor.  Image 

from 

https://www.cnet.com/tech/computing/ibm-

new-53-qubit-quantum-computer-is-its-

biggest-yet/

Classical computers operate on bits: binary digits which can be 

in the states 0 or 1

Quantum computers have qubits: two-level quantum systems of 

the form |ᴪ〉 = 𝛼|0〉 + 𝛽|1〉

𝛼 & 𝛽 are complex numbers (𝛼*𝛼 + 𝛽*𝛽 = 1) – in principle store 

much more information in these continuous numbers than in 

discrete bits. 

But it is hard to access the information:  When you measure the 

state of a qubit you always get either |0〉 or |1〉

2-dimensional Hilbert space from one qubit grows exponentially 

as more qubits added:

|0〉⊗|0〉⊗ ⋯ ⊗|0〉 = |00⋯0〉 has Hilbert space dimension 2n

e.g. can use ~100 qubits to deal with 2100~1030 dimensionality

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.cnet.com%2Ftech%2Fcomputing%2Fibm-new-53-qubit-quantum-computer-is-its-biggest-yet%2F&psig=AOvVaw17Dw4IzBi0SkHH1l3vCND3&ust=1711631688886000&source=images&cd=vfe&opi=89978449&ved=0CBIQjRxqFwoTCLCbkojDlIUDFQAAAAAdAAAAABAE
https://www.cnet.com/tech/computing/ibm-new-53-qubit-quantum-computer-is-its-biggest-yet/


Quantum Computing

… and then there is entanglement

A Bell state

…from this quantum circuit

there is entanglement in nuclear wave functions



Quantum Simulation

• Qubits are controlled by quantum gates

• Pauli X, Y, Z, I operators span the Hilbert Space of 

a single qubit.  Tensor products extend this to 

multiple qubits.

• Mappings (e.g. Jordan-Wigner) link fermion 

creation and annihilation operators to Pauli matrices

• Any interacting fermion system can be simulated on 

quantum computer

• Fundamentally different to how classical computers 

do “number-crunching”

cute picture from pennylane.ai

Jordan-Wigner Transformation
Zeitschrift für Physik 47, 631 (1928)



Nuclear structure on quantum computers

• Goal is, as always in nuclear structure, to solve Hᴪn=Enᴪn.

• H represented as Pauli operators through e.g. Jordan-Wigner transform

• ᴪ guessed / calculated / worked out / learned / intuited by some means & represented by a quantum circuit

First high-profile nuclear physics application 

by Dumitrescu et al. PRL120, 210501 (2018)

They looked at N=2 & 3

https://en.wikipedia.org/wiki/File:Bloch_sphere.svg


Wave function preparation in 2-level models

Popular test-bed: Lipkin-Meshkov-Glick model as 

a simplified Shell Model



HVA: Hamiltonian Variational Ansatz

“Exploiting symmetries in nuclear Hamiltonians for ground state preparation”, Joe 

Gibbs, Paul Stevenson, and Zoë Holmes, submitted to Quantum Science and 

Technology, arxiv:2402.10277

https://arxiv.org/abs/2402.10277


HVA results

“Exploiting symmetries in nuclear Hamiltonians for ground state preparation”, Joe 

Gibbs, Paul Stevenson, and Zoë Holmes, submitted to Quantum Science and 

Technology, arxiv:2402.10277

https://arxiv.org/abs/2402.10277


Density Functional Theory (DFT)

+ =

Apply variational principle to get a nonlinear Schroedinger eqn:

Imaginary time-evolution from 

initial state:  Kills off high 

energy components -> 

ground state can be found
Non-Unitary operator –

needs special treatment 

on quantum computer



Density Functional Theory on QC

“A Quantum Simulation Approach to Implementing Nuclear Density Functional Theory 

via Imaginary Time Evolution”, Yang Hong Li, Jim Al-Khalili, and Paul Stevenson, 

accepted for publication in Phys. Rev. C, arxiv: 2308.15425

“Solving coupled Non-linear Schrödinger Equations via Quantum Imaginary Time 

Evolution”, Yang Hong Li, Jim Al-Khalili and Paul Stevenson, arxiv:2402.01623

https://arxiv.org/abs/2308.15425
https://arxiv.org/abs/2402.01623


Variance Minimisation

“Quantum Computing Calculations for Nuclear Structure and Nuclear Data”, Isaac 

Hobday, Paul. D. Stevenson, and James Benstead, Proc. SPIE 12133, Quantum 

Technologies 2022, 121330J (2022) arxiv: 2205.05576

“Variance minimisation on a quantum computer of the Lipkin-Meshkov-Glick model with 

three particles”, Isaac Hobday, Paul Stevenson, and James Benstead, EPJ Web of 

Conferences 284, 16002 (2023) arxiv: 2209.07820

“Variance Minimisation of the Lipkin-Meshkov-Glick Model on a Quantum Computer”, I. 

Hobday, P. Stevenson, and J. Benstead, submitted to Phys Rev C, arxiv:2403.08625
I. Hobday in 11:00 → 12:30 Wednesday II Session H

Variational methods usually used to find ground state 

(because that’s how they work). 

But, can minimize variance rather than energy to find any 

eigenstate

IBM_Nairobi real QC results

https://doi.org/10.1117/12.2632782
http://arxiv.org/abs/2205.05576
https://doi.org/10.1051/epjconf/202328416002
http://arxiv.org/abs/2209.07820
https://arxiv.org/abs/2403.08625


Shell Model

Suhonon, From Nucleons to Nucleus, Springer Verlag

Honma et al PRC80, 064323 (2009)



Shell Model:  Ni-58

“Shell-model study of 58Ni using quantum computing algorithm”, 

Bharti Bhoy and Paul Stevenson, submitted to New Journal of 

Physics, arxiv:2402.15577
B. Bhoy in Parallel Sessions: Wednesday I Session H 0900-1030:

Pérez-Obiol et al. Scientific Reports 13, 12291 (2023)

https://arxiv.org/abs/2402.15577
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