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The Potential of Quantum Computing

~ 100 qubit devices can address problems in chemistry that are beyond classical computing

300 qubits :  more states [1090] than atoms in universe [1086]

Dave Wecker (Microsoft)

50 qubits : ~ 20 petabytes ~ Leadership-Class HPC facility
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The Potential of Quantum Computing

Slide by Natalie Klco (Oct 2018) [solution to 1 part per million]

with less than 200  ideal qubits
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Quantum Computing and Quantum Information 

Qubits Unitary Operations
and Measurements

Entanglement
and Superposition
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“First Qubits” for Applications

• In cases:
• Tech companies, national laboratories and universities are working together to develop hardware
• Technology companies are making their quantum devices available for computations via the cloud
• Laboratories and companies are making their hardware available through collaboration
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Quantum Communication 
 Recent

October  (2018)

October  (2018)

FNAL to ANL



https://science.house.gov/news/press-releases/house-approves-national-quantum-initiative-act

https://science.house.gov/news/press-releases/house-approves-national-quantum-initiative-act
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Motivation(s) for Nuclear Physics 

Quantum Information and Quantum Computing has the potential 

• to provide improvements in sensing and detection.

• to perform fully-controlled large-scale simulations of quantum many-body 
systems and of the standard model.  To integrate with and complement 
classical computing (not replace).

• for transforming the handling of data.

Currently there is no explicitly demonstrated Quantum Advantage 
for any scientific application, but ….



Quantum Many-Body Systems

Finite Density Systems
• Quantum Monte Carlo
• Sign Problem(s) in Sampling

Classical Computing 
• Exponentially large resources
• Exponentially growing memory for large 

nuclei

Quantum Computing 
• No sign problem (naively)
• Real-time evolution
• Hilbert space grows exponentially 

with number of qubits     
• i.e. 1 qubit doubles size

Nuclear Many-Body Problem
• Schrodinger Eqn.
• Hilbert space grows 

exponentially with particles



Quantum Field Theories and 
Fundamental Symmetries
• indefinite particle number
• gauge symmetries and 

constraints

The Standard Model

Classical Computing 
• Euclidean space
• high-lying states difficult
• Signal-to-noise
• Severe limitations for real-time or inelastic 

collisions or fragmentation

Quantum Computing 
• Real-time evolution
• S-matrix
• No sign problem(s) (naively)

Real-Time Evolution
• Integrals over phases
• Fragmentation
• Neutrinos in dense matter



Sensing and Detection

Classical Computing 
e.g.
Classical Sensing  : precision ~  1/√N

Classical DataBase Searching : time  ~ N

Quantum Computing 
e.g.
Quantum Sensing  : precision  ~  1/N

Quantum DataBase Searching : time ~ √N
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QC and QIS for Scientific Applications
Highlights of Trajectory to the Present 

1980 - 2000
Benioff, Manin, Feynman, Deutsch, IBM and reversability
First quantum algorithms

2000 - 2010
Proof-of-principle demonstrations 
Initial QC hardware 
Error correction and control theory 
Spin-chains and scalar field theories 

2010-2018 
Focus on practicality and improving quality and control  
Circuit design and synthesis 
Cloud-based access to NISQ hardware 
First simulations of light nuclei and simple quantum field theories 
Entanglement and improving algorithms

[Similar to David Dean’s slide]Based on a slide by David Dean
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At the Heart of Quantum Computing 
Massively Parallel Processing, Nonlocality and 

Entanglement
e.g., for a 3-bit computer (23 states)
Classical computer in 1 of 8 possible states

Quantum computer can be in a combination of all states at once

Once system mapped onto qubits, unitary operations used to compute 
and process information 
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e.g. 2-qubits, unitary transformations between 4 states  :  U(4) transformations 

Hadamard gates

Controlled U(2) transformations

At the Heart of Quantum Computing 
Massively Parallel Processing, Nonlocality and 

Entanglement



⊗

|1> |1>
|11>

|00>
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Quantum Sensing, Metrology and Lithography
Nonlocality and Entanglement

e.g., H ~ β σz     a new type of coupling

|0> |0>

[ Slide content from talk by Alexey Gorshkov at ANL, Intersections Between Nuclear Physics and Quantum Information, March 2018 ]

20th Century Detection
  ``independent qudits’’

Uncertainty in measurement scales as 

Δβ ~ 1/(t √N)

21st Century Detection
entangled ``qudits’’

Uncertainty in measurement scales as 

Δβ ~ 1/(t N)
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e.g., Quantum Teleportation 
Entangled qubit pair created in Satellite

• One sent to earth station
• Entangled by CNOT gate and Hadamard Gate
• Pair is measured
• Measure. The classical ``number ‘’ of the 

collapsed state, N=1,2,3,or 4 from |00> , |01> ,|
10> or |11>  is sent back to satellite

• N dictates the applied unitary 
operation1=I , 2=X , 3=Y , 4=Z

Ground Station

Satellite

Satellite

Satellite
Quantum State demolished on Earth BUT teleported to the Satellite

Classical Number(s)

Space-Based Quantum Keys

https://www.sciencemag.org/news/2017/06/china-s-quantum-satellite-achieves-spooky-action-record-distance

9/17 : Quantum secure video call between China and Austria

https://www.sciencemag.org/news/2017/06/china-s-quantum-satellite-achieves-spooky-action-record-distance


The Noise Intermediate-Scale Quantum (NISQ) Era
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John Preskill - Jan 2018

• No or little error correction in hardware or software                                              
[requires  > x10 qubits]

• Expect to have a few hundred qubits with modest gate depth 
(decoherence of devices)

• Imperfect quantum gates/operations

• NISQ-era ~ several years   Not going to be a near term magic bullet
•  will not replace classical computing

• Searching to find Quantum Advantage(s) for one or more systems 

• Understanding the application of ``Quantum’’ to Scientific Applications, 
and identifying attributes of future quantum devices.
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Science, December 2016, based on David Dean slide

Quantum Computing: Qubits

Efforts at National Laboratories, Technology Companies and Universities 
developing such devices and other types, e.g. cold atoms, qudits.   
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Example of Hardware Improvement 

Quantum coherence time of 
superconducting qubits has improved 
analogously to Moore’s Law
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Quantum Computing
Examples of Available Hardware

and Technology Companies - US + Ca
D-wave : ~ 2000 superconducting qubits, quantum 
annealing

Google : 72 superconducting qubits - 2-qubit error < 0.5%

IBM : superconducting - 5,14,16, 20 qubits systems - cloud 
access

Intel : 49 superconducting qubits, progress in silicon 

IonQ : trapped ions, 53-qubit system, cloud access coming

Microsoft : Majorana (topological) - in development 

Rigetti : 8, 19 superconducting qubits with 128 coming
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e.g. IBM’s Calculations of Ground States of Molecules



A First Quantum Computation in Quantum Field Theory
1+1-Dim QED
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(2016)

Based upon a string of 40Ca+ trapped-ion quantum system 

Simulates 4 qubit system with long-range couplings = 2-spatial-site Schwinger Model

Real-Time evolution of the quantum fields, implementing > 200 gates per Trotter step

2016
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``Time = 0`` for Quantum Computing
in Nuclear Physics

Nuclear Physics

http://arxiv.org/abs/1801.03897

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, P. Lougovski. Jan 11, 2018. 6 pp.  
Published in Phys.Rev.Lett. 120 (2018) no.21, 210501 

http://arxiv.org/abs/1801.03897
http://inspirehep.net/record/1647601
http://inspirehep.net/author/profile/Dumitrescu%2C%20E.F.?recid=1647601&ln=en
http://inspirehep.net/author/profile/McCaskey%2C%20A.J.?recid=1647601&ln=en
http://inspirehep.net/author/profile/Hagen%2C%20G.?recid=1647601&ln=en
http://inspirehep.net/author/profile/Jansen%2C%20G.R.?recid=1647601&ln=en
http://inspirehep.net/author/profile/Morris%2C%20T.D.?recid=1647601&ln=en
http://inspirehep.net/author/profile/Papenbrock%2C%20T.?recid=1647601&ln=en
http://inspirehep.net/author/profile/Pooser%2C%20R.C.?recid=1647601&ln=en
http://inspirehep.net/author/profile/Dean%2C%20D.J.?recid=1647601&ln=en
http://inspirehep.net/author/profile/Lougovski%2C%20P.?recid=1647601&ln=en


First Demonstrations in Nuclear Many-Body Systems
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Slide by Natalie Klco (Oct 2018)



Developments in Field Theory for QC/QIS
(many more than are shown)
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Slide by Natalie Klco (Oct 2018)



Quantum Field Theory on Superconducting Qubits
1+1-Dim QED
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Slide by Natalie Klco (Oct 2018)

Hybrid Classical-Quantum ``System’’
Quantum-classical computation of Schwinger model dynamics using quantum computers  
N. Klco, E.F. Dumitrescu, A.J. McCaskey, T.D. Morris, R.C. Pooser, M. Sanz, E. Solano, P. Lougovski, M.J. Savage, 
Mar 8, 2018.   Phys.Rev. A98 (2018) no.3, 032331 
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http://inspirehep.net/record/1659289
http://inspirehep.net/author/profile/Klco%2C%20N.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Dumitrescu%2C%20E.F.?recid=1659289&ln=en
http://inspirehep.net/author/profile/McCaskey%2C%20A.J.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Morris%2C%20T.D.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Pooser%2C%20R.C.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Sanz%2C%20M.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Solano%2C%20E.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Lougovski%2C%20P.?recid=1659289&ln=en


1+1 Dim QED
Low Barrier for ``Entry’’
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Lattice QCD application chroma code written by Savage (2012) for NPLQCD, 
adapted from other chroma codes written by Robert Edwards and Balint Joo [JLab, 
USQCD, SciDAC].

c++

Displaced propagator sources generate hadronic blocks projected onto cubic irreps. 
to access meson-meson scattering amplitudes in L>0 partial waves.

Python3 code written by Savage (2018) to access IBM quantum devices through 
``the cloud’’ (through ORNL).  IBM templates and example codes.

Calculates Trotter evolution of +ve parity sector of the 2-spatial-site Schwinger Model.



Entanglement and Fragmentation

Bosonized Schwinger Model

Deep inelastic scattering as a probe of entanglement  
Dmitri E. Kharzeev (RIKEN BNL & SUNY, Stony Brook), Eugene M. Levin (Santa Maria U., Valparaiso & 
Tel Aviv U.). Feb 12, 2017.  
Published in Phys.Rev. D95 (2017) no.11, 114008 

Dynamics of entanglement in expanding quantum fields  
Jürgen Berges, Stefan Floerchinger (U. Heidelberg, ITP), Raju Venugopalan (Brookhaven). Dec 26, 2017.  
Published in JHEP 1804 (2018) 145 

http://inspirehep.net/record/1513136
http://inspirehep.net/author/profile/Kharzeev%2C%20Dmitri%20E.?recid=1513136&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22RIKEN%20BNL%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22SUNY%2C%20Stony%20Brook%22&ln=en
http://inspirehep.net/author/profile/Levin%2C%20Eugene%20M.?recid=1513136&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Santa%20Maria%20U.%2C%20Valparaiso%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Tel%20Aviv%20U.%22&ln=en
http://inspirehep.net/record/1645259
http://inspirehep.net/author/profile/Berges%2C%20J%C3%BCrgen?recid=1645259&ln=en
http://inspirehep.net/author/profile/Floerchinger%2C%20Stefan?recid=1645259&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22U.%20Heidelberg%2C%20ITP%22&ln=en
http://inspirehep.net/author/profile/Venugopalan%2C%20Raju?recid=1645259&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Brookhaven%22&ln=en


QC and QIS in the International Community
2 significant examples

Europe

China
Investing heavily in all related areas of QIS 
and QC
e.g., Alibaba - qubits/devices and QIS

Generally:
• Investments in field theory and sensors
• Other efforts Nuclear Physics are beginning



QC and QIS in Broader Community

US

Caltech

U of Maryland

HEP funds QIS
Field Theory
Neutrinos
Dark Matter Ints.

Lattice QCD consortium



Activities in Nuclear Physics

Workshop on Computational Complexity 
and High Energy Physics
July-31 — August 2, 2017

Quantum Computing for Nuclear Physics
November 14-15, 2017

Intersections Between Nuclear Physics
and Quantum Information
Argonne National Laboratory
March 28-30, 2018

Near-term Applications of Quantum 
Computing, December 6-7, 2017

INT Report 18-008

Stony Brook
September 10-12, 2018

David Dean as Head of Physics Division
ahead of all others in NP 

DOE NP funds a modest number of proposals in 2018



Activities in Nuclear Theory

INT Report 18-008

A broad, multi-institutional program 
has been funded by DOE to hold two 
community-wide meetings, and to 
partially-support 2 junior scientists.

First meeting:
January 23-25 in Santa Fe
(Los Alamos)Seattle, November 2017



Expertise and Nuclear Physics

Expertise in other domains will be important for 
Nuclear Physics 
• Chemistry
• Quantum Information and Computing
• High-Energy Physics
• Condensed Matter
• ASCR
• Photonics
• Computer Science
• Technology Companies
• …

International expertise will be valuable

Workforce development/adaptation just starting



Broader Impacts

e.g.
• Quantum many-body systems

• Error correction
• Topological structures

• Sensors
• Device design
• Workforce development

• undergraduate and graduate 
students are excited and engaged Anticipated to be of benefit to 

• QIS + QC 
• Technology companies
• High-Energy Physics
• Condensed matter
• Chemistry
• Quantum communication
• Quantum encryption
•  …



Summary

QC and QIS are now entering Nuclear Physics
• Significant potential to disruptively enhance the NP research program

• address exponentially difficult challenges
• A limited fraction of community is actively engaged
• Community is starting to organize
• Workforce training critical
• NP has broad systemic fundamental knowledge of quantum many-body 

systems - anticipated to be valuable in QC and QIS development and other 
scientific applications

Charge to NSAC related to QC+QIS is timely



FIN



Field Theory on All-Optical QFP
QED and Nuclear EFT

e-Print: arXiv:1810.03959 [quant-ph] 

ASCR

http://arxiv.org/abs/arXiv:1810.03959

