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Part I. Experimental qubits at the state of the art



Currently, our most pristine qubits: a single ion at rest in vacuum.…

Imaging a single barium ion at the Univ. Washington. Chou et al., 
arXiv:1701.03187



Currently, our most pristine qubits: a single ion at rest in free space.…

Imaging a single barium ion at the Univ. Washington. Chou et al., 
arXiv:1701.03187



Trap image from Wineland, Nobel Lecture, Dec 2012.

1989 Nobel Prize
Wolfgang Paul
“for the development of 
the ion trap technique”

2012 Nobel Prize
David Wineland
“for ground-breaking experimental 
methods that enable measuring and 
manipulation of individual quantum 
systems”



5mm

Record gate fidelities

• Two qubits: 99.9%

• One qubit: 99.9999%

State-of-the-art qubit control

Images from D. Lucas, University of Oxford

Balance et al., PRL 117 060504 (2015)
Harty et al., PRL PRL 113 220501 (2014) 



Now, add more qubits…

Image from University of Innsbruck, Quantum Optics and Spectroscopy. 
http://www.quantumoptics.at 

Multiple atoms/ions are identical.
There is no fundamental need to engineer matching qubits.



Different approaches to qubit hardware

Defects in crystals:
“nature’s ion traps”

“Artificial atoms” made from 
superconducting circuits

Superconducting qubit image from UC Santa Barbara 
Barends et al., PRL 111, 080502 (2013)





Approaches to connecting more ion-based qubits

(Left) Shuttling qubits around complex 
multi-zone ion traps

(Bottom) Connecting separate ion chains 
by optical links

Images from Brown, Kim and Monroe, npj Quantum Information 2, 16034 (2016).



Networked Quantum 
Information Technologies



Part II. Computing with single photons



The single-photon qubit



The single-photon qubit



The single-photon qubit



The single-photon qubit



The single-photon qubit



The single-photon qubit



The single-photon qubit



Integrated photonics: compact, programmable optics

Silica-on-silicon photonic chip technology

Images from O’Brien, Furusawa, and Vuckovic, Nature Photonics 3, 687 (2009).



OK, how do we implement gates between two 
single-photon qubits?

• It is very difficult to effectively make single photons directly interact. This 
is an active area of research.

• Second option: use quantum interference + probabilistic measurement

R1

“1”

R2

“0”

“A scheme for efficient quantum computation with linear optics”

Knill, Laflamme, and Milburn, Nature 409, 46 (2001)

Input   Output 

“Nonlinear sign gate”: The input can include any superposition of 0, 1, and 2 
photons. If the correct detection events occurs, the output will have an altered 2-
photon component– simulating a photon-photon interaction.



Architectures for universal quantum computation with 
photons (in progress…)

How do you build a computer with operations that only work 
probabilistically, and qubits that are destroyed when you measure them?

Li, Humphreys, Mendoza & Benjamin, PRX 2015. Gimeno-Segovia, Shadbolt, Browne & Rudolph, PRL 2015.

Build complex “snowflake” structures from
Few-photon entangled resources

Attempt to construct a large array with 
neighbouring entanglement links. Identify 
successful percolated paths.



Overview of progress : universal quantum computation 
with photons

Current architectures
require ~109-1012

components.

Primitive operations with 
3 & 4 photons, underway.

(1) Current demonstrations

Integrated photonics: tools for 
quantum, fabricated at large scale

(2) Scalable devices in development

(3) Architectures are 
improving



Are there interesting computational tasks that are easier 
to achieve with single photons than universal 
computation?



‘Making qubit gates from photons is like teaching apes to play chess’
-- Alex Arkhipov, QCTMBS ’17 (paraphrased)

Are there interesting computational tasks that are easier 
to achieve with single photons than universal 
computation?



Classical Optical Interference

Linear optics
(a.k.a. scattering matrix)

Complex single-
mode field 
amplitudes



Generalize to many modes

Classical Optical Interference



Generalize to many modes

detector

wave interference

Classical Optical Interference



Single-Photon Interferometry

vacuum

one photon
detector



Single-Photon Interferometry

vacuum

one photon
detector



Multi-photon Interferometry

vacuum

What is the probability of a particular detection outcome?



Scattering of identical pure-state particles

Identical particles: sum amplitudes from indistinguishable paths

Probability  =

interference of complex amplitudes



Scattering of distinguishable particles

Probability  =

Photons in orthogonal modes: sum probabilities of different outcomes

sum of real probabilities



Review: interference & scattering

Classical fields

Classical particles

Indistinguishable particles 

• Output energies correspond to the interference of n field amplitudes

• Probability of an outcome involves sum of n! probabilities

• Probability involves interference of n! quantum amplitudes



Classical fields

Classical particles

Indistinguishable particles

How does this relate to computation?

• The estimation of the permanent of matrix with positive entries is computationally efficient
(probabilistic poly. time: Jerrum, Vigoda & Sinclair 2001).

• Estimation is known to be computationally inefficient (Aaronson & Arkhipov ACM STOC 2011).

• This observation forms the basis for a toy computing problem called boson sampling

• Efficient to sum n2 terms to compute output





Part 3. Experimental methods in quantum 
photonics



Single-photon sources Linear optics Single-photon 
detectors

Essential components for quantum photonics



Nonlinear optics: sum frequency generation

Drive dielectric material with intense laser fields (red and orange).

The nonlinear response generates a new field at the sum 
frequency (blue). 

Generating single photons



Nonlinear optics: sum frequency generation

Energy level diagram

Drive dielectric material with intense laser fields (red and orange).

The nonlinear response generates a new field at the sum 
frequency (blue). 

Generating single photons

In reverse: parametric down-conversion

Start with one driving field (blue).

Interaction is weak, but with low probability
(few percent is typical), create a pair of 
photons (red and orange).



Generating single photons

Classical driving 
pulse

Single photon pair

Detection “announces” presence 
of single orange photon.



Generating single photons “on demand”

Classical driving 
pulse

Single photon pair

Storage loop (or any form of 
“quantum photon memory”)

switch



Photon-pair generation in silica waveguides Spring et al., 
Optica 4, 1 (2017)

Collaboration with
Planar Optical Materials

Prof. Peter Smith
Dr James Gates
Dr Paolo Mennea

Silica-on-silicon photonic chip. Approximately 100 
waveguides with separation of 100 microns.

Measured joint two-
photon spectrum.

Fabrication methods: UV-written waveguides

Glass deposition Direct UV writing



Integrated programmable interferometers

Device fabricated at NTT, Japan
Operated at Univ. Bristol for quantum experiments.

Carolan et al., Science 349, 711 (2015)

Silica-on-silicon photonic chip. Arbitrary linear 
transformation of 6 modes using 30 waveguide couplers 
and thermo-optic phase shifters.



Photon detectors from superconducting films

Collaborative work with
S.W. Nam, T. Gerrits, NIST Boulder, USA

Calkins et al. Opt. Express 21, 22657 (2013)

waveguide

central detector

absorbing fins

Micrograph of actual device

Sensor response curves

weak thermal link

substrate (80 mK)
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temperaturesuperconducting 
absorber



Multiplexing on-chip detectors

• Concatenated detectors give enhanced 
counting, efficiency

• These can be embeded within planar 
circuits

Sensor response curves



Summary of methods in quantum photonics

• Key components have been 
demonstrated using photonic chip 
technology: single-photon sources, 
programmable interferometers, 
photon-counting detectors.

• Extending to just tens of photons 
will lead to computationally 
nontrivial performance.

• Further miniaturization possible, 
e.g., leveraging silicon photonics.



Review

Quantum science has developed tools to 
precisely control a variety of objects at the 
quantum level. These are becoming the 
essential elements of quantum hardware.

Photonics provides an exciting path 
to the quantum realm, which 
includes new models of 
computation.

The methods I described will be applied in a 
variety of technologies, for tasks including 
computation and simulation, communication 
and cryptography, and sensing and 
metrology.



Image from the Economist, 20th Jun 2015



Quantum photonics, Univ. Oxford, circa 2013


