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Overview
● What is Quantum Computing?

● Bits and Qubits. Gates and quantum gates
● First applications in Nuclear Physics
● Other selected applications

● Shell model calculations
● The phase diagram of the Agassi model

● Conclusions  
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What is Quantum Computing?
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Bits and qubits
Bits: 0 or 1

Qubits: 

Bloch sphereMultiple Qubits: 

Bell state:

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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Classical gates 

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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1 qubit quantum gates

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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Some simple circuits

Results from qiskit 
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Why Quantum Computing in 
Nuclear Physics 
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●The U.S. Department of Energy in its document Energy Research 
Opportunity II (2019) establishes “A broad theory program should be 
supported, which can, e.g., develop methods to address 
problems in NP using digital quantum computers and quantum 
simulators, utilize QIS concepts to better understand nuclear 
phenomena (such as the nuclear many-body problem 
andhadronization), and develop new QIS applications of importance 
to nuclear physics”.
●In the future, quantum computers will allow to outperform present 
computational (classical) capabilities.
●The applications of Quantum Computing in Nuclear Physics are 
increasing.
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First applications in 
Nuclear Physics 
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Cloud Quantum Computing of an Atomic Nucleus
E. F. Dumitrescu, A. J. McCaskey, G. Hagen, G. R. Jansen, T. D. Morris, T. Papenbrock, R. C.

Pooser, D. J. Dean, and P. Lougovski
Phys. Rev. Lett. 120, 210501 (2018)

●Quantum simulation of the deuteron binding energy on quantum 
processors accessed via cloud servers.
●Use of a variational wave-function ansatz based on unitary coupled-
cluster theory (UCC)→ Variational Quantum Eigensolver

Jordan-Wigner
transformation
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Cloud Quantum Computing of an Atomic Nucleus

Variational wave function

E(exact)=-2.22 MeV, E(H2)=-2.18 MeV,
E(H3)=-2.21MeV

<H2>

<H3>
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The Jordan-Wigner transformation
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The Variational Quantum Eigensolver (VQE)
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The Variational Quantum Eigensolver (VQE)

      

J. Tilly, et al, “The Variational Quantum Eigensolver: A review of methods and best practices”, Physics 
Reports 986, 1 (2022).
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Lipkin model on a quantum computer
M. J. Cervia, A. B. Balantekin, S. N. Coppersmith, Calvin W. Johnson, Peter J. Love, C. Poole. K. Robbins, and M. Saffman

Physical Review C 104, 024305 (2021)

●Quantum simulation of the Lipkin Hamiltonian binding energy on quantum processors 
accessed via cloud servers.
●Use of a variational wave-function ansatz → VQE
●No Jordan-Wigner transformation is needed.

Results for N=2, 3, 4

Trial wave function for N=2

Trial wave function for N=3

Energy for N=2

Egs=-sqrt(2)
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Simulating excited states of the Lipkin model on a quantum computer
Manqoba Q. Hlatshwayo, Yinu Zhang, Herlik Wibowo, Ryan LaRose, Denis Lacroix, and Elena Litvinova

Phys. Rev. C 106, 024319 (2022)

●Quantum simulation of the excited state energies for the Lipkin model.
●Use of the Quantum Equation of Motion (qEOM) method.
●Calculations for N = 2, 3 and 4 particles.
●The accuracy strongly depend on the fermion to qubit encoding.

N=4
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Other selected applications:
Shell Model calculations
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Nuclear shell-model simulation in digital quantum computers
A. Pérez Obiol, A. M. Romero, J. Menéndez, A. Rios, A. García Sáez, and B. Juliá Díaz‑ ‑ ‑

Scientific Reports 13:12291 (2023)

●Use of the adaptive variational quantum eigensolver algorithm (ADAPT-VQE).
●Calculation of the ground state energy in the p, sd, and pf shells.

Number of 
circuits
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Nuclear shell-model simulation in digital quantum computers
A. Pérez Obiol, A. M. Romero, J. Menéndez, A. Rios, A. García Sáez, and B. Juliá Díaz‑ ‑ ‑

Scientific Reports 13:12291 (2023)

Accuracy and number of CNOTs
ADAPT-VQE method

The new operator is selected according 
to the largest energy gradient

Pool of operators:
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Nuclear shell-model simulation in digital quantum computers
A. Pérez Obiol, A. M. Romero, J. Menéndez, A. Rios, A. García Sáez, and B. Juliá Díaz‑ ‑ ‑

Scientific Reports 13:12291 (2023)
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Nuclear shell-model simulation in digital quantum computers
A. Pérez Obiol, A. M. Romero, J. Menéndez, A. Rios, A. García Sáez, and B. Juliá Díaz‑ ‑ ‑

Scientific Reports 13:12291 (2023)

Circuit for 18O

The measurements
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Other selected applications:
Phase diagram of the Agassi 

model
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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Still interested?
Really willing to start with QC?



www.uhu.es/fmc

J.E. García Ramos          What Quantum Computing  can do for Nuclear Physics 30Astranucap, Madrid  November 2024 

To start with

Interested in doing calculations?

https://qiskit.org/, https://quantum.ibm.com/

https://quantumai.google/cirq https://quantumai.google/openfermion



www.uhu.es/fmc

J.E. García Ramos          What Quantum Computing  can do for Nuclear Physics 31Astranucap, Madrid  November 2024 

(Personal) Conclusions

●Quantum Computing in Nuclear Physics is still in its infancy, 
specially if compared with Molecular Physics.
●The calculations that can be afforded today can be easily done 
in a standard HPC cluster, if not in a laptop.
●There is a lot of room for the implementation and design of new 
algorithms in Quantum Computing. 
●The use of Quantum Computing and Quantum Information 
techniques can strongly contribute to the development of new 
“classical” Nuclear Structure ideas.
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Thank you
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2 qubits quantum gates

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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Other elements

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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A step further

Results from qiskit 
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Deutsch’s algorithm
Let us a function, f: {0,1} → {0,1}

Problem: to calculate whether 
          f(0)=f(1) or f(0)≠f(1)

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information

With a single measurement we solve the problem, 
while classically we need two measurements!!
|q0> = |0>  → f(0)=f(1)
|q1> = |1>  → f(0)≠f(1)  
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The Deutsch–Jozsa algorithm
Let us a function, f: [0,2n-1] → 
{0,1}
Problem: is it the function perfectly 
balanced or is it constant? 

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information

For f constant: probability of measuring            is one 
For f balanced: probability of measuring            is zero
With a single measurement we solve the problem, 
while classically we need two 2n/2+1 measurements!!
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Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer
Denis Lacroix

Phys. Rev. Lett. 125, 230502 (2020)

●Use of the Quantum Phase Estimation (QPE) algorithm, to construct entangled states 
that describe correlated many-body systems on quantum computers
●The QPE approach is followed by measurements that serve as projectors on the 
entangled states.
●The approach can be seen as a quantum–computer formulation of symmetry breaking 
followed by symmetry restoration. 

This state is obtained by applying 
this circuit to all (n, n + 1) pairs.
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Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer
Denis Lacroix

Phys. Rev. Lett. 125, 230502 (2020)

Complete spectrum obtained 
for n  = 12

Correlation between the energies and the particle number. 
The distribution of counts for the particle number and 
energies are shown respectively in panels (b) and (c).
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j=2, N=8 case
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j=2, N=8 case
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j=2, N=8 case
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j=2, N=8 case
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j=2, N=8 case

Álvaro Saiz, Pedro Pérez-Fernández, José-Miguel Arias, José-Enrique García-Ramos, and Lucas Lamata, “Digital 
quantum simulation of an extended Agassi model: Using machine learning to disentangle its phase-diagram”, Phys, Rev. 
C 106, 064322 (2022).
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What is Quantum Computing?
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Bits and qubits
Bits: 0 or 1

Qubits: 

Bloch sphereMultiple Qubits: 

Bell state:

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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Classical gates 

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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1 qubit quantum gates

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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Some simple circuits

Results from qiskit 
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Why Quantum Computing in 
Nuclear Physics 



  

 

www.uhu.es/fmc

J.E. García Ramos          What Quantum Computing  can do for Nuclear Physics 9Astranucap, Madrid  November 2024 

●The U.S. Department of Energy in its document Energy Research 
Opportunity II (2019) establishes “A broad theory program should be 
supported, which can, e.g., develop methods to address 
problems in NP using digital quantum computers and quantum 
simulators, utilize QIS concepts to better understand nuclear 
phenomena (such as the nuclear many-body problem 
andhadronization), and develop new QIS applications of importance 
to nuclear physics”.
●In the future, quantum computers will allow to outperform present 
computational (classical) capabilities.
●The applications of Quantum Computing in Nuclear Physics are 
increasing.
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First applications in 
Nuclear Physics 
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Cloud Quantum Computing of an Atomic Nucleus
E. F. Dumitrescu, A. J. McCaskey, G. Hagen, G. R. Jansen, T. D. Morris, T. Papenbrock, R. C.

Pooser, D. J. Dean, and P. Lougovski
Phys. Rev. Lett. 120, 210501 (2018)

●Quantum simulation of the deuteron binding energy on quantum 
processors accessed via cloud servers.
●Use of a variational wave-function ansatz based on unitary coupled-
cluster theory (UCC)→ Variational Quantum Eigensolver

Jordan-Wigner
transformation
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Cloud Quantum Computing of an Atomic Nucleus

Variational wave function

E(exact)=-2.22 MeV, E(H2)=-2.18 MeV,
E(H3)=-2.21MeV

<H2>

<H3>
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The Jordan-Wigner transformation
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The Variational Quantum Eigensolver (VQE)
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The Variational Quantum Eigensolver (VQE)

      

J. Tilly, et al, “The Variational Quantum Eigensolver: A review of methods and best practices”, Physics 
Reports 986, 1 (2022).
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Lipkin model on a quantum computer
M. J. Cervia, A. B. Balantekin, S. N. Coppersmith, Calvin W. Johnson, Peter J. Love, C. Poole. K. Robbins, and M. Saffman

Physical Review C 104, 024305 (2021)

●Quantum simulation of the Lipkin Hamiltonian binding energy on quantum processors 
accessed via cloud servers.
●Use of a variational wave-function ansatz → VQE
●No Jordan-Wigner transformation is needed.

Results for N=2, 3, 4

Trial wave function for N=2

Trial wave function for N=3

Energy for N=2

Egs=-sqrt(2)
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Simulating excited states of the Lipkin model on a quantum computer
Manqoba Q. Hlatshwayo, Yinu Zhang, Herlik Wibowo, Ryan LaRose, Denis Lacroix, and Elena Litvinova

Phys. Rev. C 106, 024319 (2022)

●Quantum simulation of the excited state energies for the Lipkin model.
●Use of the Quantum Equation of Motion (qEOM) method.
●Calculations for N = 2, 3 and 4 particles.
●The accuracy strongly depend on the fermion to qubit encoding.

N=4
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Other selected applications:
Shell Model calculations
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Nuclear shell-model simulation in digital quantum computers
A. Pérez Obiol, A. M. Romero, J. Menéndez, A. Rios, A. García Sáez, and B. Juliá Díaz‑ ‑ ‑

Scientific Reports 13:12291 (2023)

●Use of the adaptive variational quantum eigensolver algorithm (ADAPT-VQE).
●Calculation of the ground state energy in the p, sd, and pf shells.

Number of 
circuits
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Nuclear shell-model simulation in digital quantum computers
A. Pérez Obiol, A. M. Romero, J. Menéndez, A. Rios, A. García Sáez, and B. Juliá Díaz‑ ‑ ‑

Scientific Reports 13:12291 (2023)

Accuracy and number of CNOTs
ADAPT-VQE method

The new operator is selected according 
to the largest energy gradient

Pool of operators:
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Nuclear shell-model simulation in digital quantum computers
A. Pérez Obiol, A. M. Romero, J. Menéndez, A. Rios, A. García Sáez, and B. Juliá Díaz‑ ‑ ‑

Scientific Reports 13:12291 (2023)
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Nuclear shell-model simulation in digital quantum computers
A. Pérez Obiol, A. M. Romero, J. Menéndez, A. Rios, A. García Sáez, and B. Juliá Díaz‑ ‑ ‑

Scientific Reports 13:12291 (2023)

Circuit for 18O

The measurements
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Other selected applications:
Phase diagram of the Agassi 

model
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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A digital quantum simulation of the Agassi model,  
P. Pérez-Fernández, J.M. Arias, J.E. García-Ramos, and L. Lamata, 

Physics Letters B 829, 137133 (2022).
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Still interested?
Really willing to start with QC?
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To start with

Interested in doing calculations?

https://qiskit.org/, https://quantum.ibm.com/

https://quantumai.google/cirq https://quantumai.google/openfermion
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(Personal) Conclusions

●Quantum Computing in Nuclear Physics is still in its infancy, 
specially if compared with Molecular Physics.
●The calculations that can be afforded today can be easily done 
in a standard HPC cluster, if not in a laptop.
●There is a lot of room for the implementation and design of new 
algorithms in Quantum Computing. 
●The use of Quantum Computing and Quantum Information 
techniques can strongly contribute to the development of new 
“classical” Nuclear Structure ideas.
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Thank you
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2 qubits quantum gates

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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Other elements

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information
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A step further

Results from qiskit 
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Deutsch’s algorithm
Let us a function, f: {0,1} → {0,1}

Problem: to calculate whether 
          f(0)=f(1) or f(0)≠f(1)

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information

With a single measurement we solve the problem, 
while classically we need two measurements!!
|q0> = |0>  → f(0)=f(1)
|q1> = |1>  → f(0)≠f(1)  
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The Deutsch–Jozsa algorithm
Let us a function, f: [0,2n-1] → 
{0,1}
Problem: is it the function perfectly 
balanced or is it constant? 

M. A. Nielsen, I. L. Chuang, Quantum Computation and Quantum Information

For f constant: probability of measuring            is one 
For f balanced: probability of measuring            is zero
With a single measurement we solve the problem, 
while classically we need two 2n/2+1 measurements!!
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Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer
Denis Lacroix

Phys. Rev. Lett. 125, 230502 (2020)

●Use of the Quantum Phase Estimation (QPE) algorithm, to construct entangled states 
that describe correlated many-body systems on quantum computers
●The QPE approach is followed by measurements that serve as projectors on the 
entangled states.
●The approach can be seen as a quantum–computer formulation of symmetry breaking 
followed by symmetry restoration. 

This state is obtained by applying 
this circuit to all (n, n + 1) pairs.
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Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer
Denis Lacroix

Phys. Rev. Lett. 125, 230502 (2020)

Complete spectrum obtained 
for n  = 12

Correlation between the energies and the particle number. 
The distribution of counts for the particle number and 
energies are shown respectively in panels (b) and (c).
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j=2, N=8 case
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j=2, N=8 case
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j=2, N=8 case
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j=2, N=8 case
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j=2, N=8 case

Álvaro Saiz, Pedro Pérez-Fernández, José-Miguel Arias, José-Enrique García-Ramos, and Lucas Lamata, “Digital 
quantum simulation of an extended Agassi model: Using machine learning to disentangle its phase-diagram”, Phys, Rev. 
C 106, 064322 (2022).
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