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Open questions in fundamental physics

ν?

•What is the nature of the dark matter? 
•Dark matter interacts with dense nuclei! 

•What is the nature of the neutrino? 
•Neutrinos interact with dense nuclei! 

•Astrophysical neutrinos created in Neutron Stars 

•What are the origins of gravitational waves? 
•Binary neutron stars (well, at least 1!) 

•r-process sites for nucleosynthesis

X X



Isotope chart

https://people.physics.anu.edu.au/~ecs103/chart/ 
https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html 
https://www.nndc.bnl.gov/nudat3/ 
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Segrè chart: a changing picture

Thoenessen & Sherrill, Nature 473, 25 (2011); Thoenessen, 2014 update,arXiv:1501.06761 
https://people.nscl.msu.edu/~thoennes/isotopes/
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Isotope science facilities

Heavy Ion Research 
Facility Lanzhou

VECC Kolkata

Sao Paulo Pelletron



FRIB ribbon cutting ceremony
2nd May 2022 
https://frib.msu.edu/ 

https://science.osti.gov/np/Facilities/User-Facilities/FRIB

Nov 2022 
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Recent isotope news
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169Au
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171Pt
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171Hg
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172Ir

172Pt

172Au

172Hg

173Dy
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173Pt
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175Pt

175Au

175Hg

176Ho
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176Tm

176Ta
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176Ir

176Pt

176Au

176Hg

176Tl
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177Yb
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177Ta
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177Re
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177Ir

177Pt

177Au
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178Pb
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210Au

210Hg

210Tl

210Pb

210Bi

210Po

210At

210Rn

210Fr

210Ra

210Ac

210Th

211Hg

211Tl

211Pb

211Bi

211Po

211At

211Rn

211Fr

211Ra

211Ac

211Th

211Pa

212Hg

212Tl

212Pb

212Bi

212Po

212At

212Rn

212Fr

212Ra

212Ac

212Th

212Pa

213Hg

213Tl

213Pb

213Bi

213Po

213At

213Rn

213Fr

213Ra

213Ac

213Th

213Pa

214Hg

214Tl

214Pb

214Bi

214Po

214At

214Rn

214Fr

214Ra

214Ac

214Th

214Pa

215Hg

215Tl

215Pb

215Bi

215Po

215At

215Rn

215Fr

215Ra

215Ac

215Th

215Pa

215U

216Hg

216Tl

216Pb

216Bi

216Po

216At

216Rn

216Fr

216Ra

216Ac

216Th

216Pa

216U

217Tl

217Pb

217Bi

217Po

217At

217Rn

217Fr

217Ra

217Ac

217Th

217Pa

217U

218Tl

218Pb

218Bi

218Po

218At

218Rn

218Fr

218Ra

218Ac

218Th

218Pa

218U

219Pb

219Bi

219Po

219At

219Rn

219Fr

219Ra

219Ac

219Th

219Pa

219U

219Np

220Pb

220Bi

220Po

220At

220Rn

220Fr

220Ra

220Ac

220Th

220Pa

220U

220Np

221Bi

221Po

221At

221Rn

221Fr

221Ra

221Ac

221Th

221Pa

221U

221Np

222Bi

222Po

222At

222Rn

222Fr

222Ra

222Ac

222Th

222Pa

222U

222Np

223Bi

223Po

223At

223Rn

223Fr

223Ra

223Ac

223Th

223Pa

223U

223Np

224Bi

224Po

224At

224Rn

224Fr

224Ra

224Ac

224Th

224Pa

224U

224Np

225Po

225At

225Rn

225Fr

225Ra

225Ac

225Th

225Pa

225U

225Np

226Po

226At

226Rn

226Fr

226Ra

226Ac

226Th

226Pa

226U

226Np

227Po

227At

227Rn

227Fr

227Ra

227Ac

227Th

227Pa

227U

227Np

227Pu

228At

228Rn

228Fr

228Ra

228Ac

228Th

228Pa

228U

228Np

228Pu

229At

229Rn

229Fr

229Ra

229Ac

229Th

229Pa

229U

229Np

229Pu

229Am

230Rn

230Fr

230Ra

230Ac

230Th

230Pa

230U

230Np

230Pu

230Am

231Rn

231Fr

231Ra

231Ac

231Th

231Pa

231U

231Np

231Pu

231Am

231Cm

232Fr

232Ra

232Ac

232Th

232Pa

232U

232Np

232Pu

232Am

232Cm

233Fr

233Ra

233Ac

233Th

233Pa

233U

233Np

233Pu

233Am

233Cm

233Bk

234Ra

234Ac

234Th

234Pa

234U

234Np

234Pu

234Am

234Cm

234Bk

235Ra

235Ac

235Th

235Pa

235U

235Np

235Pu

235Am

235Cm

235Bk

236Ac

236Th

236Pa

236U

236Np

236Pu

236Am

236Cm

236Bk

237Ac

237Th

237Pa

237U

237Np

237Pu

237Am

237Cm

237Bk

237Cf

238Th

238Pa

238U

238Np

238Pu

238Am

238Cm

238Bk

238Cf

239Th

239Pa

239U

239Np

239Pu

239Am

239Cm

239Bk

239Cf

239Es

240Pa

240U

240Np

240Pu

240Am

240Cm

240Bk

240Cf

240Es

241Pa

241U

241Np

241Pu

241Am

241Cm

241Bk

241Cf

241Es

241Fm

242U

242Np

242Pu

242Am

242Cm

242Bk

242Cf

242Es

242Fm

243U

243Np

243Pu

243Am

243Cm

243Bk

243Cf

243Es

243Fm

244Np

244Pu

244Am

244Cm

244Bk

244Cf

244Es

244Fm

245Np

245Pu

245Am

245Cm

245Bk

245Cf

245Es

245Fm

245Md

246Pu

246Am

246Cm

246Bk

246Cf

246Es

246Fm

246Md

247Pu

247Am

247Cm

247Bk

247Cf

247Es

247Fm

247Md

248Am

248Cm

248Bk

248Cf

248Es

248Fm

248Md

248No

249Am

249Cm

249Bk

249Cf

249Es

249Fm

249Md

249No

250Cm

250Bk

250Cf

250Es

250Fm

250Md

250No

251Cm

251Bk

251Cf

251Es

251Fm

251Md

251No

251Lr

252Cm

252Bk

252Cf

252Es

252Fm

252Md

252No

252Lr

253Bk

253Cf

253Es

253Fm

253Md

253No

253Lr

253Rf

254Bk

254Cf

254Es

254Fm

254Md

254No

254Lr

254Rf

255Cf

255Es

255Fm

255Md

255No

255Lr

255Rf

255Db

256Cf

256Es

256Fm

256Md

256No

256Lr

256Rf

256Db

257Es

257Fm

257Md

257No

257Lr

257Rf

257Db

258Es

258Fm

258Md

258No

258Lr

258Rf

258Db

258Sg

259Fm

259Md

259No

259Lr

259Rf

259Db

259Sg

260Fm

260Md

260No

260Lr

260Rf

260Db

260Sg

260Bh

261Md

261No

261Lr

261Rf

261Db

261Sg

261Bh

262Md

262No

262Lr

262Rf

262Db

262Sg

262Bh

263No

263Lr

263Rf

263Db

263Sg

263Bh

263Hs

264No

264Lr

264Rf

264Db

264Sg

264Bh

264Hs

265Lr

265Rf

265Db
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Recent isotope news

Duer, Cortina-Gil, Fernández-Domínguez et al. Nature 606, 678 (2022)
8He(p, p 4He)4n

Theo & exp summary: Marqués & Carbonell, Eur. Phys. J. A 57,105 (2021)
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Recent isotope news
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Recent isotope news
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•Results & outlook
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Shell model complexity
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What is quantum computing?

Classical Computer Quantum Computer

• Works with bits 
• Bits are either 1 or 0

0100011010 
1010100100

• Works with qubits 
• A qubit can be superposition  

of 1 or 0 
• Many-qubits: entanglement, 

interference, etc 

|0⟩, |1⟩,
c0|0⟩ + c1|1⟩



Logic gates 1

qubit
|q1⟩ → {|0⟩, |1⟩}

Logic gates
|q1⟩ |qf⟩Z

|q1⟩ = |0⟩ → |qf⟩ = |0⟩
|q1⟩ = |1⟩ → |qf⟩ = − |1⟩



Logic gates 1

qubit
|q1⟩ → {|0⟩, |1⟩}

Logic gates
|q1⟩ |qf⟩

|q1⟩ = |0⟩ → |qf⟩ = |1⟩
|q1⟩ = |1⟩ → |qf⟩ = |0⟩



Logic gates 1

qubit
|q1⟩ → {|0⟩, |1⟩}

Logic gates
H

|0⟩ ↦
|0⟩ + |1⟩

2

|1⟩ ↦
|0⟩ − |1⟩

2



Logic gates 1

qubit
|q1⟩ → {|0⟩, |1⟩}

Logic gates
H

|0⟩ ↦
|0⟩ + |1⟩

2

|1⟩ ↦
|0⟩ − |1⟩

2

2 qubit gates

|00⟩ ↦ |00⟩
|01⟩ ↦ |01⟩
|10⟩ ↦ |11⟩
|11⟩ ↦ |10⟩



Circuits

Solovay-Kitaev theorem
A quantum circuit of m qubit gates can be approximated 
to ε error by a quantum circuit of O(mlogc(m/ε)) gates 
using a set of finite universal gates.

Kitaev, Russian Mathematical Surveys 52 (6) 1191 (1997) 
Nielsen & Chuang, Quantum Computation and Quantum Information

|q1⟩
|q2⟩
|q3⟩
|q4⟩

H

R(θ)

X



Circuits

Solovay-Kitaev theorem

Kitaev, Russian Mathematical Surveys 52 (6) 1191 (1997) 
Nielsen & Chuang, Quantum Computation and Quantum Information

|q1⟩
|q2⟩
|q3⟩
|q4⟩

H

R(θ)

X

We can build a universal black box with only a finite 
number of buttons. 

(Alessandro Roggero)



Near-Intermediate Scale Quantum Tech
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Classically simulatable

Quantum Supremacy
Preskill, Quantum 2 79 (2018)



Why quantum circuits?

Shor’s algorithm
“Find prime factors of an integer 
N with O(log N) operations” 

Classical ✘ 
Quantum ✔



Why quantum circuits?

Shor’s algorithm
“Find prime factors of an integer 
N with O(log N) operations” 

Classical ✘ 
Quantum ✔

Variational Quantum Eigensolver

H

|ψ(θ)⟩

R(θ)

Quantum hardware

R(θ)

Measurement

E(θ) =
⟨ψ (θ)|Ĥ|ψ (θ)⟩

⟨ψ (θ)|ψ (θ)⟩

Update parameters θ 
Classical minimisation



•Results & outlook

Outline
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•Nuclear physics

•Quantum computing
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•Previous work on nuclear structure 
- Limited to one minimisation strategy (UCC) 
- Only a handful of isotopes (2H, 6Li, 8Be, 20-20O, 20Ne) 

•Our strategy 
- Can we beat exponential scaling? 
- Does it work across shells? 
- Quantify resources with classical simulations

Quantum computing in nuclear structure

Phys. Rev. Lett. 120 210501 (2018)

Lacroix et al, Quantum computing with and for many-body physics, arXiv:2303.04850 
Stetcu, Baroni, Carlson, Phys. Rev. C 105 064308 (2022) 

Kiss, Papenbrock et al Phys. Rev. C 106 034325 (2022)
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Variational Quantum Eigensolver

1.Mapping

|q1⟩
|q2⟩
|q3⟩
|q4⟩
|q5⟩

3.Minimisation

min
θ

E(θ) =
⟨ψ0|Ô(θ)†ĤÔ(θ)|ψ0⟩
⟨ψ0|Ô(θ)†Ô(θ)|ψ0⟩

θ
Emin

E(θ)

|q6⟩

2.Reference state

= |ψ0⟩
|q1⟩
|q2⟩
|q3⟩
|q4⟩
|q5⟩

X

H

|q6⟩

5.Error mitigation4.Measurement

⟨ψ0|Ô(θ )†ĤÔ(θ )|ψ0⟩
⟨ψ0|Ô(θ )†Ô(θ )|ψ0⟩

=

Repeat Ns shots

pq1=1

pq1=1,q4=1

|q1⟩
|q2⟩
|q3⟩
|q4⟩
|q5⟩
|q6⟩

H

|q1⟩
|q2⟩
|q3⟩
|q4⟩
|q5⟩
|q6⟩

H

J Tilly et al.  Phys. Reports 986 1 (2022)
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Our work: Jordan-Wigner mapping
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Our work: reference state
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⟨ψ0|Ô (θ )†Ô (θ )|ψ0⟩

θ
Emin

E (θ )

Grimsley, Economou, Barnes & Mayhall, Nat Comms 10 3007 (2019)

Layer 1

Operator pool
<latexit sha1_base64="0AYH6BI2j1VQ0rsITJb5Q792y1o="></latexit>
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<latexit sha1_base64="DPbThbnS9oz7GKcOUhaqML56iNM="></latexit>

| 1(✓1)i = ei✓1Âk | 0i
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i✓1Âk1 | 0i



ADAPT

Grimsley, Economou, Barnes & Mayhall, Nat Comms 10 3007 (2019)

Operator pool
<latexit sha1_base64="0AYH6BI2j1VQ0rsITJb5Q792y1o="></latexit>
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<latexit sha1_base64="x6f119dRwiIWRFFajmdAb6tIGdk="></latexit>

| 2(✓1, ✓2)i = ei✓2Âk2 ei✓1Âk1 | 0i
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⟨ψ0|Ô (θ )† Ĥ Ô (θ )|ψ0⟩
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ADAPT state circuits

Circuit for the ground state of 18O

Pérez-Obiol, Romero et al Scientific Reports 13, 12291 (2023)
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Single-orbital entanglement

• A is single-nucleon basis states 
• B all other states
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Further work by the community

arxiv:2306.06432

Circuit for the ground state of 18O



Outlook & Perspectives

To-Do List: 
•Quantum computer 

• Simulations in “real” QCs 

•Other VQEs 
• Unitary Coupled Cluster 

•Entanglement 
• Forging? Exploitation? 

•Excited states & Dynamics 
• Rodeo algorithm
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•VQEs can reproduce shell model wavefunctions 
•Number of qubits not an issue 
•Depth of circuit is an issue 
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Energy measurement strategy

One-body terms
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Two-body terms

Non-contiguous case more difficult
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Energy measurement strategy

One-body terms
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Building blocks of s-process

A-1Z AZ A+1Z Neutron capture

AZ A+1Z

A-1Z’ AZ’

Limit of stability valley:  
β decay, τβ≪τn

A+2Z

A+1Z’ Branching possible! 
Sensitive to (T, ρ) conditions

τβ ≪τn 


