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We need reliable theory to accurately 
evaluate S-factors at stellar energies

𝜎 𝐸 =
𝑆 𝐸
𝐸

exp −
2𝜋𝑍!𝑍"𝑒"

ℏ 2𝐸/𝑚

Astrophysical S-factor:
nuclear contribution

‘Coulomb’ contribution 
(tunneling)

Adelberger EG et al. (2011), Rev. Mod. Phys. 83, 195

𝑆!" 0 = 20.8 ± (0.7)#$%±(1. 4)&' eV·b



We combine nuclear forces derived within 
chiral effective field theory and ab initio methods

Quantum 
Chromodynamics

𝜋!

Chiral Effective 
Field Theory

Unified ab initio many-body approach 
to structure and reactions

All active (pointlike) nucleons,
non-relativistic quantum mechanics

Chiral NN+3N forces 



Structure, scattering and reactions obtained with
unified treatment of bound and unbound states
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No Core Shell Model with continuum 
(NCSMC)

Navratil P et. al (2016), Physica Scripta 91, 053002



Structure, scattering and reactions obtained with
unified treatment of bound and unbound states
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Static solutions for aggregate system,
describe all nucleons close together

Navratil P et. al (2016), Physica Scripta 91, 053002



Structure, scattering and reactions obtained with
unified treatment of bound and unbound states
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Continuous microscopic cluster states,
describe separated projectiles & targets

Navratil P et. al (2016), Physica Scripta 91, 053002



We can apply the NCSMC framework
to compute the 7Be(p,𝛾)8B capture rate …

Kravvaris K et al. (2022), arXiv:2202.11759

𝐶" 𝐶# 𝑎" 𝑎# 𝑆"$(0)



… combine it with experimental data
to arrive at an improved evaluation of S17(0)

Each expt.
weighted with 
# data points

All measurements
uncorrelated

Kravvaris K et al. (2022), arXiv:2202.11759

𝑆!" 0 = 19.8 ± 0.3 eV·b



The NCSMC also successfully applied 
to Big-Bang and helium burning reactions …
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4He-4He Scattering (helium burning)

Kravvaris K et al. (2020), arXiv:2012.00228Hebborn C et al. (2022), arXiv:2203.15914



e.g., Hyperspherical
Harmonics

… and can also be applied to describe 
clustering phenomena, halo nuclei, ternary dynamics 

“Cigar”“di-neutron”
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4He+n+n bound 

& scattering states
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Quantum computing holds the promise of 
exact simulations of quantum mechanical systems,
e.g., nuclear matter and dynamics

Neutron stars 

Fission
s-process

r-process

Thermonuclear
Fusion

~200 Mcpu-hrs on 
LLNL’s Vulcan & 

Quartz!
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Quantum computers perform calculations 
by manipulating quantum states

! "𝜓0123 = 𝑈0123 | ⟩𝜓4

Initial stateDesired state

Unitary operation (= gate)

NOT



A physical realization of a qubit is a transmon

𝐻 = ℏ𝜔0 𝑎1𝑎 +
𝛼
2
𝑎1𝑎1𝑎𝑎

Quantized transmon:

| ⟩0

| ⟩2
| ⟩3

| ⟩1
𝜔*+→!

𝜔*!→"
𝜔*"→-

Krantz P et al. (2019), Applied Physics Reviews 6, 021318 



A physical realization of a qubit is a transmon

𝐻 = ℏ𝜔0 𝑎1𝑎 +
𝛼
2
𝑎1𝑎1𝑎𝑎

Quantized transmon:

| ⟩0

| ⟩2
| ⟩3

| ⟩1
𝜔*+→!

𝜔*!→"
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Transmon qubit

comp.
basis

Krantz P et al. (2019), Applied Physics Reviews 6, 021318 
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One can also work with 
registers of d-level quantum systems or ‘qudits’

input
(control)

output
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Physically, quantum gates are realized by irradiation 
with resonant microwave pulses (found by optimization)
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Quantum computing offers a natural framework 
for simulating time-dependent scattering theory  
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Application of unitary transformations (= gates) 



Quantum computing offers a natural framework 
for simulating time-dependent scattering theory  
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Real-time evolution

State preparation
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A challenge is to realize useful quantum simulations 
in this ‘early vacuum tube era’ of quantum computing

Ideal

QPU

Time

Decoherence

Black-box quantum compilation
with ‘basic’ set of quantum gates
fails due to accumulation of noise 
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In the near term, this is a self-inflicted problem! 
Can build custom gates for the problem of interest
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Solution: Noise-resilient quantum compilation   
through minimal number of custom gates 
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Our target problem: evolution of two interacting neutrons

Two-neutron
scattering

time

NN force @LO of chiral EFT



Our target problem: evolution of two interacting neutrons

Two-neutron
scattering

time

𝐻23= 𝐻45 + 𝑉46

𝑈 Δ𝑡 ≅ 𝑈789,+9: Δ𝑡 𝑈78+;(𝑟, Δ𝑡)

NN force @LO of chiral EFT



Our target problem: evolution of two interacting neutrons
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With minimal number of custom gates, we demonstrated
>99% fidelity, 10-fold increase in quantum simulation time
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Wu X et al. (2022), in preparation Holland E et al. (2020), Phys. Rev. A 101, 062307



We can extract the energy spectrum from the signal 
because we are able to run the simulation a long time
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Demonstrated hybrid quantum-classical simulation of 
nuclear scattering on the Advanced Quantum Testbed 

Spin evolution 
along spatial trajectory

AQT
(after noise   
purification)
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Time stage of the evolution

2 qubits on AQT
Spin Evolution

Classical computer
Spatial Evolution

Two-neutron scattering

F. Turro, T. Chistolini et. al. (2022), in preparation



With custom gates, designed noise-resilient algorithm 
for quantum simulation of multi-nucleon spin dynamics 
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Wendt KA et al, in progress

≡ 6 qubits



To simulate scattering also need 
state preparation approach, e.g., adiabatic evolution
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We consider two strategies:
1) gate-based approach; and 2) custom gates approach
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2) Classical 
device-level simulations

1) Experimental 
quantum simulations



Custom gates enable major performance improvements 
for state preparation, broader class of problems 
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E.A. Coello-Perz, J. Bonitati et al (2022), submitted to Phys. Rev. A 
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