Evaluating the neutron drip line
using quantum computing

Olivia Di Matteo (UBC)

Chandan Sarma (IIT Roorkee), Abhishek Abhishek (UBC), Praveen C. Srivastava (IIT Roorkee)

’ > SA QUANTUM SOFTWARE & THE TJNIVERSITY OF BR.ITISf-| COLUMBIA NSERC
| 94 ALGORITHMS RESEARCH eyt and Compur Einecin CRSNG



The neutron drip line

o




The neutrondrip line

@ &




The neutrondrip line




The neutrondrip line

‘e v



The neutrondrip line

X3 X



The neutron drip line

;| 18
1A VIIA
1A 8A
1 Periodic Table of the Elements 2
H 2 13 14 15 17 H e
Hydrogen 1A Atomi A IVA VA VIIA Helium
1.008 tomic 4.003
) 2A Number 3A 4A TA it )
SMECEE L
3 4 s 5 6 7 9 10
Li || Be ymbol B C N F || Ne
6.941 5012 Name 10811 12011 14,007 18 998 20,180
e — Aomic Mass - e —
1 12 13 15 17 18
Na | M g 3 10 Al Si Cl Ar
Sodium Magnesium ms VB Aluminum Silicon Phosphorus. Chiorine Argon
- L
19 20 28 31 36
e E— L ) e )
37 388 46 49 54
Rubidium ‘Strontium Yitrium Zirconium Niobium Molybdenum Palladium Cadmium Indium Xenon
55 56 74 78 80 81 86
Cesium Barium Hafnium Tantalum Tungsten Rhenium Platinum Memg Thallium Bismuth Polonium Astatine Radon
132.905 137.328 17849 180.948 183.85 186.207 o 195.08 200.59 204.383 208.980 [208.982] 209.987 222.018
e ) SEE AL, L)
87 88 89-103 110 112 113 118
57 58 59 63 66 68 69 70 VAl
Lanthankls I | C P E D Er{| Tm| Yb| L
Series a e r u y r u
SRLEER N,
95 101 102
Aetigide Am No
Series

Image credit: https:/sciencenotes.org/wp-content/uploads/2017/02/PeriodicTableNeonBW2017.png



The neutrondrip line

Confirmed: 2N, ?*O (RIKEN, 1999)

H. Sakurai et al., Phys. Rev. Lett. B 448, 180

Image credit: https:/sciencenotes.org/wp-content/uploads/2017/02/PeriodicTableNeonBW2017.png




The neutron drip line

Confirmed: °'F, **Ne (RIKEN, 2019)
D. S. Ahn et al., Phys. Rev. Lett. 123, 212501

Confirmed: 2N, 20 (RIKEN, 1999) \
H. Sakurai et al., Phys. Rev. Lett. B 448, 180
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The neutron drip line

Confirmed: °'F, **Ne (RIKEN, 2019)
D. S. Ahn et al., Phys. Rev. Lett. 123, 212501

Confirmed: 2N, 20 (RIKEN, 1999) \
H. Sakurai et al., Phys. Rev. Lett. B 448, 180

1 12
Na || Mg I~ [Predicted: ¥’Na, ?Mg (2020)
N. Tsunoda et al., Nature 587, 66-71.
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The neutrondrip line

Confirmed: °'F, **Ne (RIKEN, 2019)
D. S. Ahn et al., Phys. Rev. Lett. 123, 212501

Confirmed: 2N, 20 (RIKEN, 1999) \
H. Sakurai et al., Phys. Rev. Lett. B 448, 180

Predicted: *'Na, *Mg (2020)
N. Tsunoda et al., Nature 587, 66-71.

Likely (exp. observed): *’Na (RIKEN, 2022)
D. S. Ahn et al., Phys. Rev. Lett. 129, 212502

Image credit: https:/sciencenotes.org/wp-content/uploads/2017/02/PeriodicTableNeonBW2017.png
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Moving on up...

Challenges with prediction:

e Many-body problem is hard, especially
with many-nucleon interactions
e Disagreements between various theories

Challenges with experiment:

e Need specialized facilities (RIBF,
radioactive isotope beam factory)

e Exotic nuclei have small half lives
Very few events observed
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Moving on up...

Challenges with prediction:

e Many-body problem is hard, especially
with many-nucleon interactions
e Disagreements between various theories

Challenges with experiment:

e Need specialized facilities (RIBF,

radioactive isotope beam factory)
e Exotic nuclei have small half lives
e \Veryfew events observed

|dea: use quantum computers?

| 8
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Our work (arXiv:2306.06432 [nucl-th])

Prediction of the neutron drip line in oxygen isotopes using quantum computation

Chandan Sarma,!:* Olivia Di Matteo,2:T Abhishek Abhishek,2:* and Praveen C. Srivastaval:®

! Department of Physics, Indian Institute of Technology Roorkee, Roorkee 247667, India
2Department of Electrical and Computer Engineering,

The University of British Columbia, Vancouver, British Columbia V6T 1Z4, Canada Code:
(Dated: June 13, 2023)

In the noisy intermediate-scale quantum era, variational algorithms have become a standard ap-
proach to solving quantum many-body problems. Here, we present variational quantum eigensolver
(VQE) results of selected oxygen isotopes within the shell model description. The aim of the present
work is to locate the neutron drip line of the oxygen chain using unitary coupled cluster (UCC)
type ansatze with different microscopic interactions (DJ16, JISP16, and N3LO), in addition to a
phenomenological USDB interaction. While initially infeasible to execute on contemporary quan-
tum hardware, the size of the problem is reduced significantly using qubit tapering techniques in
conjunction with custom circuit design and optimization. The optimal values of ansatz parameters
from classical simulation are taken for the DJ16 interaction, and the tapered circuits are run on
IonQ’s Aria, a trapped-ion quantum computer. After applying gate error mitigation for three iso-
topes, we reproduced exact ground state energies within a few percent error. The post-processed
results from hardware also clearly show ?*O as the drip line nucleus of the oxygen chain. Future
improvements in quantum hardware could make it possible to locate drip lines of heavier nuclei.
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The physics problem

Shell-model description:

e Inert 'O core+{2,4,6,8, 10} valence neutrons

e sd-model space:0d. .., 1s Od3/2 orbitals for single-particle states

5/2’ 7™71/2

_ T SFata 4
H = E €a;a; + 5 E V};jlkaiajakal
i i,k

Single-particle energies (E’.) and two-body matrix elements (Vijkl) for 4 interactions:

e 1phenomenological (USDB)
e 3 microscopic (JISP16,DJ16,N3LO)
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The physics problem

Every state described by |n, 1, j, ] , tz>.

e Neutronsonly, so t = 1/2
e For ground state, choose cases wherej =0
e 12 possiblestates

Orb. | Od Od Od Od Od Od 1s 1s Od Od Od Od

5/2 5/2 5/2 5/2 5/2 5/2 1/2 1/2 3/2 3/2 3/2 3/2

j 52 5/2 5/2 5/2 5/2  5/2 12 1/2 3/2 3/2 3/2 3/2

i, -5/2 52 -3/2 32 -12 12 -1/2 12 -3/2 3/2 -1/2 1/2




The quantum computing problem

Orb. 0d,, Od,, 0d,, Od., Od, 0Od,, 1s

5/2 5/2 5/2 5/2 5/2

1/2

j 5/2  5/2  5/2 5/2 5/2 5/2  1/2

j, -5/2 5/2 -3/2 3/2 -1/2 12 -1/2

1s

1/2

1/2

1/2

Od

3/2

3/2

-3/2

Od

3/2

3/2

3/2

Od

3/2

3/2
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Od

3/2

3/2
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The quantum computing problem

orb. 0d,, Od,, Od, Od,, Od, Od,, 1s,, 1s,, 0Od,, Od,, 0d,, Od

5/2 5/2 5/2 5/2 5/2 1/2 1/2 3/2 3/2 3/2

j 5/2 5/2 5/2 5/2 5/2 5/2 1/2 | 1/2 3/2 3/2 3/2 3/2
i, -5/2 52 -3/2 32 -12 12 -1/2 12 -3/2 3/2 -1/2 1/2

Qubit | 0 1 2 3 4 5 6 7 8 9 10 11

3/2

Example: The qubit state |[110000000011)corresponds to a system with 4
neutrons where

e TwoneutronsareinOd,,withj=-5/2 andj = 5/2
e TheothertwoareinOd,, withj=-1/2andj=1/2
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The variational eigensolver

A near-term algorithm used to find the ground state energy of a Hamiltonian, H.

QPU

fo_l*

. owtcomes
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Example: 0O

Only 2 neutrons; how many combinations with total j, = 0?

Orb. | Od, | Od,, Od,, 0Ods, 0ds, Ods, 1s,, 1s,,|0d,, 0d,, 0Ody, Od,,
j 5/2 | 5/2 | 5/2 | 5/2 | 5/2 | 5/2 | 1/2 | 1/2 | 3/2 | 3/2 | 3/2 | 3/2
], -5/2  5/2 | -3/2 | 3/2 | -1/2 | 1/2 | -1/2  1/2 | -3/2 | 3/2 | -1/2  1/2

Qubit 0 1 2 3 4 5 6 7 8 9 10 11
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Example: 0O

Only 2 neutrons; how many combinations with total j, = 0?

Orb. | Od Od Od Od Od Od 1s 1s Od Od Od Od

5/2 5/2 5/2 5/2 5/2 5/2 1/2 1/2 3/2 3/2 3/2 3/2

j 52 5/2 5/2  5/2  5/2  5/2 12 1/2  3/2  3/2 3/2 3/2

i, ' -5/2 52 -3/2 |32 -12 12 -1/2 12 -3/2 3/2 -1/2 1/2

Qubit | 0 1 2 3 4 5 6 7 8 9 10 11

|2120000000000)
|001100000000?
|000011000000>
/0000001100007

|000000001100)
|000000000011) 2!




Computational results
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Resource counts (12-qubit problem)

Isotope  1-qubit gates 2-qubit gates Depth

18 13 23 15
20 154 158 182
22 1063 /787 1036
24 176 158 184
26 37 23 17

Hamiltonian: 199 Pauli strings (subset of original from 1611) - 13 qubit-wise commuting sets



Resource counts (12-qubit problem)

Isotope
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Resource counts (5-qubit tapered™* problem)

Isotope  1-qubit gates 2-qubit gates Depth

18 40 8 24
20 55 26 45
22 59 35 55
24 67 36 58
26 39 8 24

Hamiltonian: 52 Pauli strings — 8 qubit-wise commuting sets *Leverages symmetries in the Hamiltonian
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Resource counts (5-qubit tapered™* problem)

Isotope  1-qubit gates 2-qubit gates Depth

>
>

18 40 8 24

<
20 55 26 45
22 59 35 55 @
24 67 36 58 ()
26 39 8 24 (@

Hamiltonian: 52 Pauli strings — 8 qubit-wise commuting sets *Leverages symmetries in the Hamiltonian 26



Running on hardware

Hardware:

e |onQ Aria (23 trapped-ion qubits;
hyperfine levels of Yb ions)

e Accessed through Microsoft Azure
Quantum cloud service

Experiments:

Transpile to hardware-native gates
Evaluate at variational minimum for
( - — DJ16 interaction

e 8circuits per isotope w/1000 shots
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Results

Energy (MeV)
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Results

Energy (MeV)
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Results

Error mitigation: extrapolate back
to the zero noise limit

Noise scale factor
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Results
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Results
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Results
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Results

Energy (MeV)

Error bars: bootstrapped from
device statistics (std. dev. of
1000 MC simulations with
1000 shots per circuit)
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Future work

e How toextend this to larger nuclei...
o with near-term algorithms/hardware?
o with the large-scale hardware of the future?
e How do we improve and systematically automate
o ansatz circuit design?
o problemsize reduction?

What role will quantum computers play in nuclear physics?

What practical advantage will they afford?
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The quantum computing problem

Perform Jordan-Wigner transformation:
At — 1 k-1 o
a’, Al -0 Zj) (Xk lYk)

a, = % (T _o-Z) (X +iY,)

This re-expresses the Hamiltonian in terms of 12-qubit Pauli operators.
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Running on hardware: transpilation

The Ionizer

Transpile and optimize your PennyLane circuits into IonQ's native trapped-ion gate set (GPI, GPI2, MS) with
just a single extra line of code!

from ionizer.transforms import ionize

@gm1l.qgnode(dev)

@ionize

def circuit(x):
gml.Hadamard(wires=0)
gml.CNOT(wires=[0, 1])
gml.RX(x, wires=1)
return gml.expval(gml.Pauliz(0))

>>> gml.draw(circuit)(0.3)
0: —GPI2(0.00)—MS—GPI2(-1.57) { <Z>
1: —GPI2(3.14)—'MS—GPI2(1.57)—GPI(-1.42)—GPI2(1.57)—]

https://github.com/QSAR-UBC/ionizer
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Example: 180

Design a quantum circuit that creates states
that are a linear combination of:

|210000000000» 0011000000007
/0000110000007 |000000110000)
/000000001100 |000000000011)

Start with |110000000000)then apply
unitary rotations of the form

G2(0)|1100»= cos8|1100)+ sinB|0011)

e
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