Quantum Computing at NIST
CARL J. WILLIAMS
Deputy Director
Physical Measurement Laboratory (PML)
National Institute of Standards and Technology
April 18, 2018

carl.williams@nist.gov

Quantum Information Science in a Nutshell
Quantum information science (QIS) exploits unique quantum properties such as
coherence, superposition, entanglement, and squeezing to acquire, transmit, and
process information in ways that greatly exceed existing capabilities.
QIS is a field of scientific inquiry in its own right, with applications in:
•
•
•
•

sensing and metrology: precision navigation, timekeeping, magnetic fields, …
communication: secure data transmission and storage, random number generation, …
simulation: complex materials, molecular dynamics, QCD, …
computing: cryptanalysis, quantum chemistry, optimization, quantum field theory, …

NIST’s QIS
Program
covers all
of this

and robust intellectual connections to numerous areas of basic research.
NIST program focuses on QIS because it is broader than quantum computing, but I
mainly discuss quantum computing within this presentation.

NIST: Bird’s Eye View
The United States’ national
measurement laboratory,
NIST is where Nobel Prizewinning science meets realworld engineering.
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With an extremely broad research portfolio, worldclass facilities, national networks, and an
international reach, NIST works to support
innovation. Sometimes we are referred to and
“Industry’s National Lab”.
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Quantum Information Theory
Characterization / benchmark physical realizations of QI processing
Demos: state preparation, error correction, gate operations, transduction
Quantum state characterization (tomography)
Analysis of Bell inequality measurements
Randomized benchmarking

Quantum algorithms and complexity
Quantum algorithms for quantum field theory
Adiabatic quantum algorithms
Quantum reinforcement learning

Applications
One-time programs/memories based on the isolated qubit model
Random number generation based on Bell inequality violation
Quantum cryptography (key distribution and post-quantum cryptography)
“Hardware”
Characterization,
Benchmarking

Algorithms,
Complexity Theory

Applications

Post Quantum Cryptography
https://csrc.nist.gov/Projects/Post-Quantum-Cryptography/

Quantum Computers Threaten E-Commerce: Current public-key encryption systems will
be broken when quantum computers are built. Alternatives exist, but must be vetted for
security and practicality.
Trusted-Traceable-Transparent-GLOBAL: Global commitment is key for universal use.
Community relies on NIST's record of thoroughness, openness and trust to manage the
process.

Program Underway and Successful:
Dec 2016: Official Start and Call for Submissions, Criteria Set, FRN Posted
Sept 2017: First “soft” submission – Nov 2017 Submission Deadline (69 received)
April 2018: Submitters Workshop*, Public Cryptanalysis and NIST Down select
2021: Complete Analysis
2023 Standards Complete
* https://csrc.nist.gov/events/2018/first-pqc-standardization-conference
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PML: Basic Stats and Facts
Two collaborative institutes
Major assets
provide opportunities to:
• ~ $185 million budget
[all funding sources]
• Attract world class scientists
• ~ 530 employees
• Train students and postdocs
• ~ 700 associates
• Transfer technology
• Principal activities in
– Gaithersburg, MD
– Boulder, CO
– College Park, MD
– Fort Collins, CO & Kauai, HI
QuICS

Why NIST was Positioned in QIS
• Extensive background in

– Coherent manipulation of atoms and ions for clocks (power of a single qubit)
– Superconducting electronics for Josephson Voltage Systems
– Only National Measurement Institute (NMI) to ever close the electrical metrology
triangle (V=IR or Ohm’s Law) at a few parts part in 107 – Single electron transistors
(SETs)
• Achieved more than 20 years ago and abandoned 15 year ago because it was too hard and not
competitive with direct approaches (for a recent review see H. Scherer et al., Meas. Sci. Technol.
23, 124010 (2012))
• In the next few years several other NMIs may duplicate and improve – on this 20 year old result
• NIST is reinvesting in SETs in Si that should not have the charge offset noise problem in the Al SETs
used 20 years ago

• A long history of manipulating quanta and quantum objects

History of QI at NIST
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

1992 Wineland suggests spin squeezing for improved sensitivity of clocks
1993 Competence project initiated to support idea
1994 First Workshop ever focused on QI held at NIST, Gaithersburg (August 94)
1994 NIST starts exploring use of correlated photons for absolute detector calibration
1995 Cirac and Zoller propose gate based on ion traps
1995 Wineland and Monroe implement first quantum gate
2000 NIST QI Program established
2000 First NIST Quantum Computing Competence
2001 DARPA supports Quantum Communication effort
2003 NIST QI Program broadened
2003 NIST holds first Single Photon Workshop
2005 First NIST Initiative for QI is funded
2006 Joint Quantum Institute established
2012 Wineland wins Nobel Prize for research in support of Q
2104 Joint Center for Quantum Information in Computer Science (QuICS) is established

NIST Hardware Activities supporting QC
• Hardware efforts include atoms, ions, photons, Josephson Junctions,
and P- and B- doped Si

• Current pushes include:
– Strengthen NIST leadership in Quantum Information Theory
– Accelerate the Atom-based Devices for Solid State Quantum Computing
– Create the Metrology for Superconducting Quantum Devices for Quantum
Computing
– Develop and Characterize Highly Efficient Components for use in Quantum
Information Processing with Photons
– Accelerate metrology in support of Ion Trap Quantum Computing

Josephson Voltage Systems
Currently build 10 V programmable Josephson Voltage Chips
– 32 microwave channels, 300,000 JJ’s
NIST 10 V PJVS chip

• “Off-the-shelf” instrumentation
• Electronic cyrocooler
– No liquid He
– More user friendly
– Fully automated

Sam Benz holding a
10 V PJVS probe

• Identical performance

See: http://www.nist.gov/pml/div686/devices/automated-voltage-standard-ready.cfm

Cryocooler

Next Generation JVS:
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Parametric Qubit Control & Gate Operations
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• Parametric drive arbitrarily controls
multi-qubit interactions rapidly
• Isolates individual qubits at different
frequencies
• Provides a switch for fast, high
fidelity readout

• Reduces wire-count

Advanced Quantum Computing Effort
David Wineland’s ion trap quantum computing effort
is one of the leading efforts in the world:
–

Passes the DiVincenzo Criteria for Scalability
a)
b)
c)
d)
e)
f)

Well characterized, scalable qubits
Ability (re)initiate to a starting state
Decoherence times longer than operation time
A universal set of one- and two-qubit gates
State specific readout
Efforts toward photon-ion coupling show great promise
– Teleportation of quantum state of an ion
– Separation & movement of entangled ions
– Quantum error correction demonstrated
– Quantum dense coding
– Quantum Fourier transform ran
– Quantum logic clock
– 8-qubits entangled, 6-qubit GHZ state

NIST UV Fibers Aid High Fidelity Gates
• High power single mode UV fibers developed at NIST (photonic crystal fiber)
Fiber recipe at http://www.nist.gov/pml/div688/grp10/index.cfm
Right: fiber tip, air holes are collapsed
Left: fiber cross section, photonic crystal air holes with
UV light propagating in a single mode in the solid core

angle
cleave
200 mm collapsed region

• Pure fused silica fibers, loaded with H2 at 10 MPa and cured with UV light
• Wide band
100 single
mm mode (tested at 355 nm, 313 nm, 280 nm), high power (125 mW @ 313 nm), low loss (0.13 dB/m @ 313 nm)

new setup
old setup

infidelity 1.3x10-4 per
logic operation
sequence length

Towards scalable high-fidelity QIP

two qubit entangled state

UV fibers were incorporated in
new setup for 9Be+ qubits

Reduced beam pointing instability
and improved mode quality
Large improvement in quality of
operations

Parity

Fidelity

single qubit laserinduced gates

~ 5 x10-3 state infidelity
analysis phase

Colombe et al., Optics Express 22, 19783 (2014)

Further Improvement in Quantum Logic Gates
 9Be+ hyperfine-ground-state qubits manipulated with stimulated Raman-transitions
 Fiber-laser based 313 nm sources + UV fiberized beam-lines improve pointing stability
 Active feedback on laser pulse shape with fast digital servo

new setup
single-qubit gate
old setup

Two-qubit entangling gate

Populations

Fidelity

Single-qubit randomized benchmarking

0 bright
1 bright
2 bright

analysis phase scan
 phase coherence

randomized benchmarking
analysis phase

sequence length
Error per computational gate = 3.8(1) x 10-5

Gate error 8.4(4) x 10-4
spontaneous emission error 4 x 10-4

Gaebler et al., PRL 117, 060505 (2016)

QI Transfer Between Ion Species
bystander
qubit

ancilla
qubit

Desiderata for large scale machines:
 high ion density, many rounds of error correction, different qubits – both stationary and flying
Problems:
• resonant scattered photons may decohere qubits, fluorescence has low directionality, incoming
laser beam scatters on trap features, good ion qubits may not easily map to network photons
Solution:
• transfer information coherently to different species ion; detect with light that is not resonant with
qubits
• QND readout can be used, FQND=0.9994 demonstrated (Hume et al., PRL 99, 120502 (2007))

Be+
effective CNOT
Mg+

bystander
qubit
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qubit

SWAP gate

Be+
Mg+

G2

only amplitudes
transferred F>0.95

amplitudes and
phase transferred
F>0.95, Ramsey
contrast 0.94
Tan et al., Nature 528, 380 (2015)

Improved Ion Traps for QI
• Integrated Ar+ bombardment with ion trap to clean the
C contamination
• Heating rates reduced two orders of magnitude
• Identified possible mechanisms of heating
• Built stylus trap w/Sandia to characterize different
surfaces close to trapped ions
• Built full optics table setup w/surface analysis chamber
• Allows ions to be closer to trap for better control

• Cover of MRS Bulletin on QI, 38, 830-833 (2013)
• “100-Fold Reduction of heating rate” PRL 109,
103001 (2013)
• Stylus trap, RSI 84, 085001 (2013)

Harness Entanglement to Reduce Quantum Noise
• Operate Al+ clock with N = 5 ions in fully entangled state: Reduced quantum noise
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• Differential excitation overcomes atom/laser desynchronization
•  1x10-18 measurement precision in 1 hour! (1000x improvement)

High risk: differential excitation and entanglement have
never been implemented in state-of-the-art clocks!

Enriched 28Si for Quantum Devices
BBC News - Purer-than-pure silicon
solves problem for quantum tech
Physicists make the purest silicon ever seen, solving a
supply problem for research into quantum computers.

<1 29Si in this picture
Enriched silicon has been shown to
dramatically extend coherence (T2) times
and also reduce optical linewidths. We are
producing the most highly enriched silicon
known, allowing the technical limits of
these benefits to be tested while providing
an enabling source for ongoing Si QIS qubit
efforts based on these benefits.

K. J. Dwyer, et al., J. Phys. D: Appl. Phys. 47, 345105 (2014)
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Single Atom Devices
We are building the foundation to make, measure, and model atomic devices for future classical and
quantum computing. Developing the metrology to characterize few atom structures using atomically
resolved scanning tunneling spectroscopy, aberration corrected TEM, atom probe tomography, and
transport measurements.
• A scalable solid state architecture for silicon QI
• Control the quantum state of an individual electron
• Materials that preserve the quantum state of an electron
• Atom technology for ultimately scaled Si electronics
• Single and few atom transistors
• Atomically abrupt tunnel junctions
• New materials with designer electronic and optical properties

STM Induced
H-depassivation

Gated Quantum Dot Device

Atomic scale
patterning

Si overgrowth

Engineering atomically
precise materials

We are developing fundamentally new measurements of local electronic states, energy spectra, and
electron coherence as well as methods to measure with atomic precision as devices are made.

SPM Tip

Metrology for Single Atom Device Fabrication

• Characterization of phosphorus doped delta layers – aberration corrected TEM, atom probe, and transport to develop SIMS model
• Use scanning capacitance to relocate near atomic scale devices for ebeam patterning of via contacts to buried devices.
• Atomic resolution spectroscopy to study electronic properties of as-fabricated atomic devices.

P dopants
interface

Developed SIMS
deconvolution/segregation
model to extend SIMS
resolution to the atomic regime

Atom probe
tomography of delta
layer sample with near
3-D atomic resolution.

STM image of a 12 nm
patterned line on the
right. Left image is a
Peak Force Kelvin data of
the buried nanometer
scale structure before
ebeam vias are writen.

SA Step Edge

Rebonded
SB Step Edge

STS Line

Filled State
Imaging
SA Step Edge

Rebonded
SB Step Edge

P dopants
interface

25 nm
epi-Si
layer

Aberration
corrected STEM
image

Atomic resolution
spectroscopy of
electronic structure
X.Wang, P. Namboodiri, K, Li,
et al., Sept. 2016, Phys. Rev. B

Operating beyond the limits of current transmission
electron microscopy and atom probe! STM, APT, TEM,
SIMS, and electrical characterization are combined to characterize individual atomic configurations.

Simulating Quantum Field Theory
• Quantum field theory describes relativistic quantum systems:

particle physics

nuclear physics

cosmic rays

• Classical supercomputers cannot compute dynamics of strongly
coupled quantum field theories.
• Can quantum computers succeed where classical computers fail?
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Simulating Quantum Field Theory
Problem: Simulate particle scattering
Given: list of incoming particles and their momenta
Goal: sample from probability distribution over outgoing
particles that would be observed in an experiment
Results: quantum computers can do this efficiently (polynomial time)
whereas classical computers in many cases cannot
[Jordan, Lee, Preskill, Science 336:1130 (2012)]
[Jordan, Lee, Preskill, arXiv:1404.7115 (2014)]
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Thank you!
Any questions?

carl.williams@nist.gov

