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Opening Remarks
Tim Prior – NMI-Q
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Organizing committee:

- NRC-Canada (Kevin Thomson)
- NPL-UK (Tim Prior)
- NIST-US (Barbara Goldstein)
- NMIJ-Japan (Nobu-Hisa Kaneko)
- NMIA-Australia (Jan Herrmann)
- PTB-Germany (Nicolas Spethmann)
- INRIM-Italy (Davide Calonico)

Goal: Leverage the combined expertise of the world’s National Metrology 
Institutes to accelerate the development and adoption of quantum 
technologies through coordinated development and sharing of  
measurement “best practices” in support of future standardization.
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Agenda – Day 1 - Morning
Opportunities & Challenges

NMI-Q – Tim Prior 
BIPM – Martin Milton, Director
CIPM – JT Janssen

Sir Peter Knight

Barbara Goldstein
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Opening Remarks
Martin Milton
BIPM Director
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Opening Remarks
JT Janssen
CIPM and Conference Chair
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Sir Peter Knight
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Government policy context

Government aim to make UK a 
Science and Technology superpower 
by 2030

Commitment to increase R&D spend 
by 33% to £20bn per annum by 
2024/25

New Cabinet Committee - National 
Science and Technology Council

Integrated 
Review 

Innovation 
Strategy

Science & 
Technology 
Framework

Engineering 
biology

Artificial 
Intelligence

Future 
telecoms

Semi-
conductors

Quantum 
technologies

Signaling UK Strengths and Ambitions

Investment In R&D

Talent and Skills

Financing Innovative S&T Companies

Procurement

International Opportunities

Access to Physical & Digital Infra

Regulations and Standards

Innovative Public Sector

Identifying Critical Technologies

Science & Technology Framework

5 Critical Technologies

10 cross-cutting strands:

In the UK: Quantum is critical area of emerging tech
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Wearable brain scanner with better 
sensitivity and lower cost

Measuring emissions and greenhouse gases 
more accurately than ever before

Putting quantum technologies in space to 
secure future communications

Gravity gradient sensor ‘seeing’ the 
invisible underground

First commercial trial of a quantum 
secured communications network in the 

world 

UK Real world applications and products
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World leading research and skills: 1st in Europe and 3rd in the world for the 
quality and impact of quantum research. More than 470 PhDs, 125 MSc 
candidates, and 85 apprenticeships funded through the NQTP

Thriving business community: UK is second for the number of quantum 
companies (11% of the world’s quantum companies)

High-levels of private investment: UK is second in attracting private equity 
investment (12% of global private investment)

Broad capabilities: Quantum companies spanning computing, communications, 
sensing, timing, and imaging

Highly collaborative community: 180 quantum organisations working together 
through IUK challenges, and 140 Hub industry partners
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UK Quantum Missions: vision for 2024-2035

By 2035, there will be accessible, UK-
based quantum computers capable 
of running 1 trillion operations and 
supporting applications that provide 
benefits well in excess of classical 
supercomputers across key sectors of 
the economy.

By 2035, the UK will have 
deployed the world’s most 
advanced quantum network 
at scale, pioneering the future 
quantum internet.

By 2030, every NHS Trust will 
benefit from quantum sensing-
enabled solutions, helping those 
with chronic illness live healthier, 
longer lives through early 
diagnosis and treatment.

By 2030, mobile, networked quantum 
sensors will have unlocked new situational 
awareness capabilities, exploited across 
critical infrastructure in the transport, 
telecoms, energy, and defence sectors.

By 2030, quantum navigation systems, 
including clocks, will be deployed on 
aircraft, providing next-generation 
accuracy for resilience that is 
independent of satellite signals.
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The Transistor and the Integrated Circuit: 
lessons for quantum

First transistor invented in 1947.
Miniaturization of the technology, in line with Moore’s Law, is 
astounding.
Complexity of integrated circuits has increased more than a 
billion-fold since the 1960s.
The price of an individual transistor is now less than one 
millionth of the cost in the late 1960s.
o Had the cost of automobiles fallen at the same rate, a 

new car today would cost less than one pence
o We are on a similar journey with Quantum Tech devices!
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Barbara Goldstein
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Emerging technologies 
demand innovations in metrology

Agility to keep up with rapidly changing technical landscape
Ability to make a measurement at all

• traceability may lag if needed at all
Comparability and interoperability

across vendors, quickly, continuously
Accelerated delivery

formal standards may be obsolete by the time they’re published
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Quantum
For

Metrology

NMIs
• first to develop
• first to benefit

Examples:
• Josephson junctions for

voltage standards
• Ion traps for clocks
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Metrology
For

Quantum

What does industry 
need from us to develop 
quantum technologies?

Examples:
• Josephson junctions for

voltage standards…
and  superconducting qubits

• Ion traps for clocks
… and computing

And these technologies need 
entirely new ways to measure & 
characterize
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Metrology Institutes are uniquely poised 
to accelerate the quantum economy

We bring:
• Measurement expertise
• Ties to industry, academia, standards development organizations
• Innovation
• Objectivity, neutrality and long history of international

collaboration
Culture of rigor – the “metrology mindset”
Infrastructure for collaboration and mutual recognition

52



Metrology Institutes are expanding 
their role to meet new demands
We are:

• Establishing consortia
• Launching incubators
• Contributing to national strategies
• Establishing testbeds
• Conducting pre-standard and standardization work

BBut can we do more together?
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Standards come in lots of flavors

Physical standards & 
measurement protocols

Guidelines, 
Best practices

Certification 
& test 
protocols

Terminology

Procurement

Interoperability

Regulatory standards

Benchmarks 
& metrics

Software 
algorithms & 

languages

Architectures

Use Cases

Standards – what are they & why do they matter?
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Standards come in lots of flavors

Physical standards & 
measurement protocols

Guidelines, 
Best practices

Certification 
& test 
protocols

Terminology

Procurement

Interoperability

Regulatory standards

Benchmarks 
& metrics

Software 
algorithms & 

languages

Architectures

Use Cases

Standards – what are they & why do they matter?
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Standards fuel the technology lifecycle

Standards
Inventing Terminology

Test & measurement

De-risking Characterization & 
performance
Metrics & benchmarks
IT Security

Product Dev. Interface

Marketing, selling, 
supporting

Interoperability
Testbeds
Certification
Procurement
Supply chain comm

Re-thinking / recycling Industry 4.0

Scientific revolutions don’t require standards; industrial revolutions do

Provide a common language to bridge 
stakeholder communities

Provide performance ground truth

Manage the hype
Compare competing technical approaches

Create market opportunities 
through a plug & play framework

Establish consumer confidence

M2M logistics support,
Performance-to-design loopback 57



When standards work, they…

• Create a common language

• Create fair & open, plug & play markets

• Enable protection of health, safety and
environment

• Spur innovation

$ Create business opportunities

Standards – what are they & why do they matter?
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When standards don’t work, they…

• Multiply!
• Give unfair advantage
• Create barriers to trade
• Entrench inferior

technologies
• Stifle innovation
• Impede interoperability of

products and systems

Standards – what are they & why do they matter?

Another mouth to feed!
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Ingredients for success in standards

Technology

Community

Market

Existence of:
• Companies, suppliers
• Products
• Use cases
• Roadmaps
• Testbeds

Existence of:
• Proven science
• Metrology
• Adjacent standards

Existence of:
• Balanced, global

expert pool
• Standards Setting

Organizations
• End users for

standards

NMIs contribute to all 3!

We can help standards be:
- Science-based
- Industry-driven
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The busy, evolving & de-centralized
quantum standardization landscape

Basic 
Research 

Feasibility 
Research

Prototype 
Development

Mature 
Technology

Market 
Established

TRL 1

Guidelines, Best practices Certification/test protocols
ETSI QKD
ISO/IEC JTC1 SC27 QKD

Terminology
IEEE P7130 
ISO/IEC JTC1 WG14

ProcurementInteroperability
IEEE 1913 NETCONF/YANG
IEC TC86 – cables, fibres
ITU-T Regulatory standards

Measurement protocols

Benchmarks
QED-C prototypes

Software languages

Security, Algorithms
NIST post-quantum crypto

Technologies      Standards

Physical Standards
NIST, NRC, NPL, etc.

TRL 4, 5 TRL 6, 7, 8, 9 Beyond TRLsTRL 2, 3

Quantum repeaters
Quantum Key 
Distribution

Randomness generation

Quantum annealers

Single Photon Sources & 
DetectorsQuantum computers

Post quantum encryption algorithmsQuantum networks
Quantum sensors

Quantum memory

Architectures, Roadmaps
IETF/IRTF QIRG
ITU-T
C/CLC JTC 22

Use Cases
IETF/IRTF QIRG

Barbara Goldstein, NIST

Guidelines Best practices C t

IEE
IEC
ITU

t protocols
p q yp

ISO/IEC JTC-3
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Standards for quantum technologies
- What will it take?

Us!  Working together
To:
• Inform standards activities with vetted, sound science

• i.e.: pre-standardization research
• Explore new ways to characterize, measure and benchmark
• Establish testbeds to test the viability of candidate standards
• Leverage our rich history of objectivity & infrastructure for

international collaboration

rk
andards

astructure for
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During this workshop we’ll…

• Hear from industry consortia
• Explore the relationship between measurements,

standards and emerging technologies
• Share how our Institutes are already supporting

emerging technologies
• Work together to answer:
• What more should we work on together?
• How should we work together?

ther?
r?
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Break
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Agenda – Day 1 - Morning
Opportunities & Challenges

NMI-Q – Tim Prior 
BIPM – Martin Milton, Director
CIPM – JT Janssen

Sir Peter Knight

Barbara Goldstein
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Nicolas Spethmann
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Q-STAR – Taro Shimada (on-line)
UK Quantum – Jonathan Legh-Smith
QuIC – Thierry Botter
QED-C – Celia Merzbacher (on-line)
Quantum Industry Canada – Lisa Lambert
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Kevin Thomson
68



Break/Lunch
Room

Plenary
Room

Group 3 - Petit Pavilion
Facilitator: Rhys Lewis
Rapporteur: Andrew Todd

Group 4 - Myria Room
Facilitator: Victoria Coleman
Rapporteur: Dai-Hyuk Yu

Group 1 - Pavillon du Mail nord
Facilitator: Andrew Wilson
Rapporteur: Olga Kozlova

Group 2 - Pavillon du Mail sud
Facilitator: Alexander Tzalenchuk
Rapporteur: Thomas Gerster

Break-out 1 – 13:45 – 14:30
In what way is your organization
(or economy)  supporting the  
emerging quantum economy?

Groups 3 and 4 should wrap-up five minutes early to get back to the plenary room 69



Active research program – Quantum for Metrology /
Metrology for Quantum
Direct funding to enable industry
Test beds
Role in standardization / standards
Role as an advisor in government / industry
Reference materials
Priority in quantum if not currently active
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Lunch
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Break/Lunch
Room

Plenary
Room

Group 3 - Petit Pavilion
Facilitator: Rhys Lewis
Rapporteur: Andrew Todd

Group 4 - Myria Room
Facilitator: Victoria Coleman
Rapporteur: Dai-Hyuk Yu

Group 1 - Pavillon du Mail nord
Facilitator: Andrew Wilson
Rapporteur: Olga Kozlova

Group 2 - Pavillon du Mail sud
Facilitator: Alexander Tzalenchuk
Rapporteur: Thomas Gerster

Break-out 1 – 13:45 – 14:30
In what way is your organization
(or economy)  supporting the  
emerging quantum economy?

Groups 3 and 4 should wrap-up five minutes early to get back to the plenary room 72
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Active research program – Quantum for Metrology /
Metrology for Quantum
Direct funding to enable industry
Test beds
Role in standardization / standards
Role as an advisor in government / industry
Reference materials
Priority in quantum if not currently active
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Tim Prior
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Overall, the global QT market is projected to 
reach $106 billion by 2040

Potential economic value from 
quantum computing estimate to be 
> $1 trillion
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The global quantum effort leading to research 
and innovation in quantum science and 
technology is continually rising, with current 
worldwide public sector investments 
exceeding $40 billion
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UK per capita in good leading position
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The world is heading for a 
‘quantum divide’

For those who lead in this field, the impact 
will be far-reaching and significant, stimulating 
countries’ industrial bases, creating jobs, and 
providing economic and national security 
benefits
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NIST – Barbara Goldstein
NPL – John Devaney
PTB – Thomas Gerster
Fujitsu – Kazutomo Hasegawa
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Break
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JT Janssen
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Alexander Tzalenchuk
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The Expanding 
Role of National 

Metrology 
Institutes in the 

Quantum Era
Alexander Tzalenchuk, Nicolas Spethmann, Tim Prior, Jay H. 
Hendricks, Yijie Pan, Vladimir Bubanja, Guilherme P. Temporão, 
Dai-
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Talk outline

Quantum 
Technology

Quantum 
Metrology

Contribute

Benefit
88



Discoveries and applications in metrology

• Time metrology. Masers and atomic clocks. [1944 - Isidor Isaac Rabi , 1964 - Charles H. 
Townes, Nicolay G. Basov, Aleksandr M. Prokhorov]

• Frequency standards. Ion traps, laser cooling. BEC. [1989 - Norman F. Ramsey, Hans G. 
Dehmelt, Wolfgang Paul, 1997 - Steven Chu, Claude Cohen-Tannoudji, William D. Phillips, 
2001 - Eric A. Cornell, Wolfgang Ketterle, Carl E. Wieman]

• 1907 - Albert Michelson, 
2005 -  

• Dimensional and functional metrology on the nano-scale. Scanning probe microscopy  
[1986 - Ernst Ruska, Gerd Binnig, Heinrich Rohrer]

• The Josephson effect and the volt [1973 - 
• Quantum Hall effect and the ohm [1985 - Klaus von Klitzing]
• Graphene [with the first application in resistance standard 2010 - Andre Geim & Konstantin 

Novoselov]
• Quantum control and clocks [2012 – Serge Haroche & David Wineland]

Masers and atooooooommmmmmmmmmmmmmmmmmmiiiiiiiiiiiiiiccccccccccccc ccccccccccccccccccccccccccclllllllllllllllllllooooooooooooooooooooooooooooccccccccccccccccccccccckkkkkkkkkkkkkkksssssssssss...... [[[[[[[[[[[[[[[[[[[[[[[[[[111111111111111111111111111119999999999999999944444444444444444444444444444444444 ---------- IIIIIIIIIIIssssssssssssssssssiiiiiiidddddor Isaac Rabi , 
G. Basov, AAAAlllllllllleeeeeeeeeeeeeeeeeeeekkkkkkkkkkkkkkkkssaaaaaaannnnnnnnndddddddrrrrrrr  MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM..... PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPrrrrrrrrrrrrrrrroooooooooooooooooooooooookkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhoooooooooooooooooooorrrrrrrrrrrrrrroooooooooooooooooovvvvvvvvvvvvvvvv]]]]]]]]]]]]]]]
rds. Iooonnnnnnnnnnnnnnnnnnn tttttrrrrraaaaaapppppppppppssssssssss,,,,,,  llllllllllaaaaaaaaaaaaaaaaaaasssssssssssssssssssssssssssssseeeeeeeeeeeeeeeeeeeeeeeeerrrrrrrrrrrrrrrrrr cccccccccccccccoooooooooooooooooooooooooooooooooooooooooooooooooooooollllllllllllllllllllllllliiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngggggggggggggggggggggggggggggggggggggggggggg..... BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBEEEEEEEEEEEEEEEEEEEEEEEEEEEEEECCCCCCCCCCCCCCCCC.... [[[[[[[[111111111111111111999999999999999999999999998888888889999 ----- NNNNNNNNooooooooooooooooooooooorrrrrrrrrman F.

ng Paaaaaauuuuuuuuuuuulllllllll,,,, 1111111199999999999999777777 ---- SSSSSSSSSSSSSSSSSSSSSSSSSSStttttttttttttttttttttttttttttteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeevvvvvvvvvvvvvvvvvvvveeeeeeeeeeeeeennnnnnnnnnnn CCCCCCCCCCCCCCCCCCCCCCChhhhhhhhhhhhhhhhhhhhhhuuuuuuuuuuuuuuuuuuuuuuuuu,,,,,,,,  CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCllllllllllllllllllaaaaaaaaaaaaaauuuuuuuuuuuuuuuuuuddddddddddddddddeeeeeeeeee  CCCCCCCCCCCCooooooooohhhhheeeennn---TTTaaannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnoudj
nell,,,,,,,,,, WWWWWWWWWWWWWWWWoooooooooooooolllllllllllllffffffffffffggggggggggaaaaaaaaaaaannnnnnnnnnnngggggggggggggggggggggggggg KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKeeeeeeeeeeeeeeeeeeeeettttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttteeeeeeeeeeeeeeeeeeeeeeeeeeeeeerrrrrrrrrrrrrrrrrrllllllllllllleeeeeeeeeeeeeeeeeeee,,,,,,,,,,,  CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCaaaaaaaaaaaaaaaaaaarrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrllllllllllllllllllllllllll  EEEEEEEEEEEEEEEEEEEEEEEEEEEEE....... WWWWWWWWWWWWWWWWWWWWWWWWWWWiiiiiiieeeeeeemmmmmaaaaaaaaaaaaannnn]]]]]

11111111111111199999999999999999999999000000000000000000000000000000000777777777777777777 -

fuuuuuuuuuunnnncccccctttttttttiiiiiiiioooooooooooooooonnnnnnnnaaaaaaalllllll  mmmmmmmmmmmmmmeeeeeeeeeeeeeeeeeeetttttttttttttrrrrrrrrrrrrroooooooooooooooolllllllllllooooooooooooooooooooggggggggggggggyyyyyyyyy oooooooooooooooonnnnnnnnnn tttttttttthhhhhhhhhhhhheeeeeee  nnnnnnnnnnnnnnnnnnnnnnaaaaaaaaaaaaaaaaaaaaaannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnooooooooooooooooooooooooooooooooooooo---sssssscccccccccaaallllllleeeeeeeeeeeeeeeeeeeee.........  SSSSSSSSSSSSSSSSSSSSSSSSccccccccaaaaaaaaaaaaaaaaaaaaaaaaaaannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnniiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnngggggggggggggggggggggggggggggg p
kaa,,,,,,,,,,, GGGGGeeeeeeeeeeeeeerrrrrrrrrrrddddddddddddddddddddddd BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnniiiiggggggggggg,,,, HHHHHHHHHHHHHeeeeiiiiiiinnnnnnnnnnnnnrrrrrrrrrrrrrrriiiiiiccccccccchhhhhh RRRRRRRRRRRRRooooooooooooooooooooooooohhhhhhhhhhhhhhhhhhhhhhhhhhhhhhrrrrrrrrrrrrrrrrrrrrrrrrrrrrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeerrrrrrrrrrrrr]]]]]]]]]]]]
feccccccccccccttttttttttttttttttttt aaaaaaaannnnnnnnnnnnnndddddddddddddddddddddddddddddddddddddddd  tttttttttthhhhhhhhhhhhhhhhhhhhhhhhheeeeeeeeeeeeeeeeee  vvvvvvvvvvvvoooooooooollllllllllllllttttttttttttttttt  [[[[[[[[[[[[[[[[[[[[[11111111111111119999999999999999999999999999999977777777777777777777733333333333333333333333333333333 --
ect aaaaaannnnnnnnnnnnnnnnnnnnnnddddddd ttthhheeeee oooohhhhhhhhhhhhmmmmmmmmmmmmmmmmmmm [[[[[[[[[[[11111111111111111111999999999999999999888888888888888888888888888555555555555555555555555 --------- KKKKKKKKKKllllllllllllaaaaaaaaaaaaaaaaaaaaaaaaaaauuuuuuuuuuuuuuuuuuuussssss  vvvvvvvvvvvvvvvvvvvvoooooooooooooooooonnnnn KKKKKKKKKKlllllliiiitttttttttttzzzzzzzzzzzzzzzzzzzzzzzzzzzzziiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnggggg]]]]]
he firstt aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaapppppppppppppppppplllllliiiiiiicccccccccccccaaaaaaaaaatttttttttttttttiiiiiiiooooooooooooooonnnnnnnnnn iiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnn rrrrreeeeeeeeeesssssiiiiiiiiiiiiissssssssssssssssssstttttttttttttttaaaaaaannnnnnnnnncccccccccccccccceeee sssssssstttttttaaaaaaaannnnnnnnnnndddddddddddddddaaaaaaaaaaaaaaaarrrrrrrrrrrrrddddddddd 2222222222222222222222222222222000000000000000000000000000000000000000000000000111111111111000 - And

and clocks [200000111111111111111111111111222222222222222222222222222222222222222222222222222222222222222222 –––––––––––––––––––––– SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSeeeeeeeerrrrrrgggggggggggggggggeeeeeee HHHHHHaaaaaarrrrroooooooccccccccccccccchhhhhhhhhhhhhhheeeeeeeeeeeeeeee &&&&&&&&&&& David Wineland
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measure

Unit Definitions Natural Constants

’Old’:
1. Defined units in terms of artefacts or classical physics laws (e.g. the metre prototype)
2. Measured constants of nature in terms of the units as accurately as possible

SI redefinition
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realise

Unit Definitions
in terms of

Unit DefinitionsNatural Constants

’Old’:
1. Defined units in terms of artefacts or classic physics laws (e.g. the metre prototype)
2. Measured constants of nature in terms of the units as accurately as possible
‘New’:
3. Fixed the numerical value of constants (e.g., the speed of light)
4. Realised the units in terms of the value of the constants

SI redefinition
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We may and (often) we can realise units 
(almost) anywhere anytime

NPL: table-top quantum Hall systemNIST: 10 V programmable Josephson voltage standard (PJVS)
92



We may and (often) we can realise units 
(almost) anywhere anytime

PTB: self-referenced single-electron quantized current source
93



Four pillars

JJ, SET, traps, photonics, detectors, 
clocks

Quantum 
Technologies
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From quantum standards to quantum sensors

NIST’s chip-scale atomic magnetometer NPL’s microfabricated 3D ion trap
95



Photonics and quantum communications

INRIM: Quantum imaging and quantum sensing
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Timing

NIST: chip-scale atomic beam clock
from Martinez, G.D., Li, C., Staron, A. et al. Nat Commun 14, 3501 (2023). 97



Computing and comms: component calibration

RF Integrated Circuits Materials

Coaxial Devices

RF Cables & Interconnects

Quantum Integrated Circuits

Cryo-electronics

98



Difficult questions...

Example: three equivalent ways to repeatedly rotate a qubit by 
360 degrees, different hardware is the apparent winner for 
each approach. Detailed examination helps identify and 
mitigate noise sources.

Such as: which quantum computing hardware is the best?
Requires a well-defined approach that removes benchmarking 
ambiguity and tests properties relevant for real applications
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Quantum testbeds, innovation and T&E 
programmes
addressing the barriers to innovation and 
accelerating the commercialisation of 
quantum technologies.

• NMIJ
• NIST
• PTB
•
• KRISS
• …
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More is coming

R. Shaikhaidarov, et al. Nature 608, 45–49 (2022).

QPS - an alternative way to realise the ampere?

Okazaki, Y., et al. Nat. Phys. 18, 25–29 (2022).

QAHE - an alternative way to realise the ohm?
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Beyond SI base units
qubit as an absolute sensor of microwave power

T. Hönigl-Decrinis, et al. Phys. Rev. Applied 13, 024066 (2020)
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Future SI: Towards redefinition of the second

PTB: Yb multi-ion optical clock
103



Quantum advantage

• Can entanglement be usefully 
scaled?

• Can sensors be quantum-
networked?

A ‘parity scan’ graph, used to determine the fidelity of 
generating the 4-ion entangled state (akin to a Ramsey fringe)
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Conclusions:

NMIs’ expertise in quantum metrology can be beneficially applied 
to advance emerging quantum technologies and support industry.
Emerging quantum technologies pose new measurement 
challenges, but also offer previously unknown measurement 
solutions.
By nature of metrology and good will NMIs have a long history of 
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Democratized traceability

SI 
Units

NMI

Calibration 
laboratory

User laboratory

User equipment

Product

SSSSSSSSSSISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII SSSSSSSSSSSSSSSIIIIIIIIIII
UUUUUUUUUUUUUUUUUUUUUUUUU sUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnniiiiiiiiiiiittttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUU sss

Question to the panel:
Who owns traceability?

106



AIST/NMIJ – Takashi Usuda
NMIA –Victoria Coleman
NIST – Jim Kushmerick
NRC – Georgette Macdonald
PTB – Cornelia Denz
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Takashi Usuda
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Victoria Coleman
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James Kushmerick
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Quantum Information Science at NIST

Dr. James Kushmerick
Physical Measurement Laboratory Director
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QIST Research @ NIST
NIST QIST R&D activities span the full 
NQI Program:
• Quantum Sensing and Precision Measurement e.g. 

optical atomic clocks (compact and high-performance) for time 
keeping and navigation, nano-mechanical and opto-mechanical 
devices, atomic magnetometers, chemical and biological systems.

• Quantum Networking e.g. quantum repeater, quantum 
transduction, optical networks (both quantum and classical, fiber 
and free-space), single photon sources and detectors.

• Quantum Computing e.g. improving qubit performance 
across all major platforms, benchmarking, error correction, new 
technologies for scaling.

• Fundamental Quantum Science e.g. quantum simulation, 
understanding complex quantum systems, searches for ‘beyond 
Standard Model’ physics e.g. dark matter, tests of gravity and 
quantum mechanics.

• Enabling Technologies e.g. integrated photonics, meta-
materials, optical frequency combs, and control electronics. 

• Risk Mitigation e.g. post-quantum cryptography. Fifth PQC  Standardization Conference
April 10-12, 2024
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NIST’s Joint Research Institutes

Established in 2006 as a Joint Institute of NIST 
and the University of Maryland

Established in 2014 as a Joint Institute of NIST and the University of Maryland

Established in 1962 as a Joint Institute of NIST 
and the University of Colorado

35 research groups with 
~180 postdocs & students

29 research groups with 
~250 postdocs & students

16 research groups with 
~80 postdocs & students
https://quics.umd.edu/

https://jqi.umd.edu/ 

https://jila.colorado.edu/ 
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4

Enable and grow a robust U.S. quantum industry and supply chain
Identify and develop strategies to address gaps in the following 

-Enabling technologies (cryogenics, electronics, lasers, etc.)
-Standards, benchmarks and performance metrics
-Workforce

Identify economically important applications and use cases
Facilitate industry coordination and interaction with government
Provide government with a collective industry voice, e.g., to guide R&D investments, inform 
regulatory policy, and develop a quantum-ready workforce

Quantum Economic Development Consortium

Established by NIST, managed by SRI International, 
and led by the US quantum industry. 
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ICAO/SAE-E31
Civil Aviation Emissions 

• Particulate emissions regulated by opacity measurement 
(visibility) from 1960s to 2010s

• Better engine design and awareness of Black Carbon (nano 
particles) drove new measurement and emission standards

• National regulations require international standards

• International Civil Aviation Organization developed standards 
policy, Society for Automotive Engineering managed technical 
standards development

• Development through collaboration of government labs, 
industry and universities over ~20 years

• ARP6320A published in 2021

1960s

1980s

2010s

…
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Panel:  The role of the metrology community in advancing emerging technologies

Metrology for the emerging quantum industry
Cornelia Denz, PTB
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Grand challenges & innovation | Transformative fields

|

System‘s MetrologyEnvironment & Climate Medicine & Health Energy & Mobility Quantum Technologies Digitalization & AI

Emerging fields need basic research for innovations Science-oriented approach
Innovations in turn need interdisciplinary expertise  Project-oriented approach
Traceability & uncertainty definitions are lacking   New frontiers in metrology

Emerging needs in metrology require also innovations 
with respect to industry services, legal metrology  & 

societal trust in metrology
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Grand challenges & innovation | Example QT

QT has many metrological themes  Quantum sensors, ~ computers, ~communication
Objective tests & characterizations to support an emerging economy
Quantum innovations in precision metrology as well  as in standards for industry

Quantum Hall circuits: AC QHR © PTB Ion computer chip © PTB Chip for photonic encryption © PTB

Developing quantum technologies for industrial 
needs as e.g. miniaturization & robust operation 

also initiates novel scientific approaches

|
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Industry-related QT innovations | Technology centers

In QTZ, cutting-edge approaches 
interface scientific and industrial needs

Local centers as QTZ  allow international networking 
by scientific, legal and regulatory sandboxes 
as e.g. with CIPM, IMEKO, Cen-Cenelec, ...

New home of QTZ: Lummer-Pringsheim building, Braunschweig © PTB

Example I: Quantum Technology Competence Center (QTZ) A PTB center to allow
partners from industry & academia to access QT expertise & infrastructure

Support of QT areas with economic potential and standardization needs
Transfer of basic research to applied QT with potential future commercial use
Cooperation with SMEs & startups

|
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Industry-related QT innovations | Testbed examples

Metrology Testbed I: Ion traps
Key metrological technology that supports development of
optical atomic clocks, quantum computers, quantum simulation

Goals of QTZ in ion trap applications
Compact & robust test facilities
Qualification & certification for industry
Reliable and reproducable specifications
Development of standards

Opticlock: user-friendly and reliable optical atomic clock 
system by a mixed metrology-industry consortium

|

A compact atomic optical clock by a consortium © PTB
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Industry-related QT innovations | Testbed examples

Metrology Testbed II: (Superconducting) quantum computers
Independent research & development of different quantum
computer realizations  is key for future digitalization
Collaborative project QSolid for quantum computers
Test facility for enhanced error correction
Further fields: SQUIDs & op magnetometers

|

Superconducting circuits for QC © PTB

Testbeds enable metrology NMIs to 
advance industry-relevant quantum 

technologies in different areas: 
information, measurement industry, 

medicine,  circular economy
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Industry-related QT innovations | Testbed examples

Metrology Testbed III: Quantum Communication 
A testbed for radiometry and fibre applications
(Non classical) light sources, detectors, fibre links
Sandbox & testing facility for QKD components Quantum communication testbed established

in the region connecting technology centers

|
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Industry-related QT innovations | Incubator example

PTB Quantum Technology Center | A PTB incubator
QT expertise and infrastructure for 
academia and industry

Demonstrators & testbeds, education &
training, start-ups & industry support

HTI

|

Quantum valley lower saxony | A regional incubator
Construction of an ion quantum computer (QVLS Q1)

QC testbed: 50 Qubits till 2025
Innovation cluster (QVLS-iLabs) & pre-standards

Regional QT industry with > 20 companies
QVLS High Tech Incubator (QVLS-HTI)

Promotion of 12 startups
A. Bautisto Salvador, CEOs & Co-Founder of Qudora © PTB

Ecosystem for breakthroughs in quantum 
technologies: Research institutions, companies, 

and startups are joining forces to efficiently 
coordinate developments from the research lab 

to commercialization
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Emerging quantum industry | Joint leverage for standards

International metrological expertise is indispensable for standards
Metrological support for an internationally emerging quantum ecosystem
Common development of secure, reliable, traceable quantum technologies

Network of local high tech incubators create a common understanding
Clusters of regional user facilities connect  metrology to industrial needs
Interconnection of national tech transfer in direct cooperation with industry
Global reference measurements in applied testbeds

Continuous quantum innovations by fundamental research
Establishing metrological services for the quantum ecosystem
Developing standards for the emerging quantum industry

|
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Industry needs application-driven quantum standardisation, and it needs
it fast.
Quantum standardisation needs collaboration.
NMIs are uniquely positioned to contribute to, to drive and to facilitate
such standardisation.
We have a track record of being quantum ‘pushers’ and ‘pullers’.
We are seen as being independent.
We have an established culture and framework of collaboration, but we
need to think about how we can be agile and responsive in the context
of a very dynamic technology landscape.
So tomorrow, let’s look at what we can do together, and how we can
work together.
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Reception
Sponsored by NPL
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Agenda – Day 2 – Morning (updated)
Solutions
08:45

09:00

EMN-Q, Qu-Test – Ivo Degiovanni
SQMS, Metrology gaps for superconducting quantum devices  – Florent Lecocq
LNE, Metrology gaps for quantum, benchmarking – Felicien Schopfer
Quantum Photonics – Angela Gamouras (NRC) / John Lehman (NIST)

10:00 Survey Results

10:15

10:45

11:45

12:00 Jan Herrmann, NMI-Q

12:15
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Tim & Barbara

Kevin Nicolas

Davide

Nobu
Jan 20232022

On-line meeting: every two weeks

Workshop
March 21-22, 2024

In-person
Nov 2023

In-person
Mar 2023

In-person
Feb 2024

NMI-Q

START

Jan
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Welcome remarks, keynote, & framing talk
Guide all of us toward the same “goal”

Goal: Leverage the combined expertise of the world’s NMIs to accelerate the development and 
adoption of quantum technologies through coordinated development and sharing of  measurement “best 
practices” in support of future standardization.

Ready to be on the same page and develop consensus on how to move forward as a community

Panels
1: industry consortia: needs application-driven quantum standardization and test cases
II: standardization: needs collaboration and benchmark. NMIs are independent, uniquely positioned, have track 
record of being quantum ‘pushers’ and ‘pullers,’ have established culture and framework of collaboration, but 
we need to think about how we can be agile and responsive in the context of a very dynamic technology 
landscape
III:  NMIs’ directors: showed NMI quantum activities and directors' positions

Break-out 1
Active discussion: economies’ quantum programs - ice breaker

NEEDS MORE TIME!

TODAY: What and how we can do together
140



Agenda – Day 2 – Morning (updated)
Solutions
08:45

09:00

EMN-Q, Qu-Test – Ivo Degiovanni
SQMS, Metrology gaps for superconducting quantum devices  – Florent Lecocq
LNE, Metrology gaps for quantum, benchmarking – Felicien Schopfer
Quantum Photonics – Angela Gamouras (NRC) / John Lehman (NIST)

10:00 Survey Results

10:15

10:45

11:45

12:00 Jan Herrmann, NMI-Q

12:15
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EMN-Q, Qu-Test – Ivo Degiovanni
SQMS, Metrology gaps for superconducting quantum
devices – Florent Lecocq
LNE, Metrology gaps for quantum, benchmarking – Felicien
Schopfer
Quantum photonics - Angela Gamouras (NRC) and John
Lehman (NIST)
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European Metrology 
Network for Quantum 
Technologies (EMN-Q) and 
the Qu-Test Project 
Ivo Pietro DEGIOVANNI
EMN-Q Chair & INRIM

BIPM Workshop on
Accelerating the Adoption of QT 

through Measurements and Standards
BIPM – March 21-22, 2024145



Outline

2

• EMN-Q

• QU-TEST project
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EURAMET

3

EURAMET, the Regional Metrology Organisation (RMO) of Europe

38 National Metrology Institutes (Members)

77 Designated Institutes (Associates)

16 international Liaison Organisations (e.g. IAEA, BIPM, 
WMO, EA, Eurachem, Eurolab)

Providing stakeholders with world-leading measurement 
solutions and standards

Securing world-wide trust and acceptance of 
measurements, for all aspects of business and society

Implementing Metrology Research Programmes
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EURAMET

4

EURAMET, the Regional Metrology Organisation (RMO) of Europe

4
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EMN for Quantum Technologies: EMN-Q

5

EMN-Q Strategic Agenda (22 Oct. 2020)
Rationale

To align with industrial requirements, those of the EC Quantum Technologies Flagship, national 
and inter-governmental quantum technology (QT) programmes, and of any relevant 
stakeholders;

to contribute to QT developments
through NMI’s and DI’s research and innovation activities;

to give input into the standardisation & certification of QT;

to promote of the benefits of metrology to the stakeholders.

Vision
EMN-Q aims at being the recognised European unique reference point representing 
European metrology for Quantum Technologies.

Today, EMN-Q has 18 EURAMET Members and Partners from 15 countries. 149



EMN-Q Structure and Organisation

6

EMN-Q Strategic Research Agenda

download and provide your feedback!150



7
Funded by European Union l Horizon Europe
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Why is testing important?

8

Reliable testing is crucial to move from hardware R&D to commercialization both for supplier 
and purchaser of quantum technologies. 

Our goals with Qu-Test

• Improving test facilities for quantum devices

• Harmonization of procedures and methodologies

• Cooperation with quantum industry

• Providing access to testing capabilities

Funded by European Union l Horizon Europe
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The consortium
Service providers (RTOs and NMIs):

Use case companies:

kick-off in April 2023
3.5 years 

Business services:
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10

The consortium

Funded by European Union l Horizon Europe 154



Objectives

11

Objective 1: To create a federalized network of testing and experimentation services answering the needs
of the industry.

Objective 2: To upgrade, upscale and integrate the testing and experimentation infrastructures and
associated processes

Objective 3: To set-up an open-access distributed testing and experimentation infrastructure to make
services available to clients in all 27 EU countries.

Objective 4: To validate the relevance of the service offering and robustness of the Single-Entry-Point
network.

Funded by European Union l Horizon Europe 155



Thanks for your attention!
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Metrology gaps for 
superconducting 
quantum devices

Florent Lecocq

03/13/2024
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March 22nd 2024, Lecocq

Benchmarking quantum computers

A difficult task! Bad metrics on their own:
• # of qubits
• Coherence times
• Gate fidelity

Better metrics:
• Quantum volume
• Specific algo

benchmarking

Eventually impossible if 
classical comparison 

needed
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Metrology for hardware at ultracryogenic temperatures

March 22nd 2024, Lecocq Non-exhaustive list

Category Sub category Metrics

Cryogenics Dil Fridges • Cooling power
• Energy efficiency

Signal delivery • Cables
• Filters
• Attenuators
• Isolators

• Heat load
• Crosstalk
• Scattering parameters
• Thermalization
• Isolation

Shielding • Magnetic
• Thermal
• Radiation

• Efficacy vs frequency
• Heat load
• Thermalization

Readout chain Quantum 
amplifiers

• Gain
• Added noise
• Power handling

Quantum 
processor

• Qubits
• Resonators
• Integrated

circuitry

• Coherence (T1,T2)
• Gate fidelity
• Connectivity
• Crosstalk
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Cryogenic components calibrations

March 22nd 2024, Lecocq 161



Using qubit themselves to measure components

March 22nd 2024, Lecocq

Using qubit coherence to 
measure attenuator 

thermalization and power 
handling

New Partnership between 
XMA/QED-C/NIST:
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Metrology for hardware at ultracryogenic temperatures

March 22nd 2024, Lecocq Non-exhaustive list

Typically companies do not have 
access to mK temperatures

Partnership with NMIs can help!
(e.g. QED-C)

Category Sub category Metrics

Cryogenics Dil Fridges • Cooling power
• Energy efficiency

Signal delivery • Cables
• Filters
• Attenuators
• Isolators

• Heat load
• Crosstalk
• Scattering parameters
• Thermalization
• Isolation

Shielding • Magnetic
• Thermal
• Radiation

• Efficacy vs frequency
• Heat load
• Thermalization

Readout chain Quantum 
amplifiers

• Gain
• Added noise
• Power handling

Quantum 
processor

• Qubits
• Resonators
• Integrated

circuitry

• Coherence (T1,T2)
• Gate fidelity
• Connectivity
• Crosstalk
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Quantum amplifier calibration

March 22nd 2024, Lecocq

Nascent industry

J. Aumentado, IEEE MW magazine 21 (2020) 

Ultralow noise parametric amplifiers are a 
cornerstone of quantum computers 

Field is plagued by calibration error
(no one can ever have a “quantum limited” amplifier) 
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Quantum amplifier calibration

March 22nd 2024, Lecocq

NMIs can define the best practices and metrics
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Metrology for hardware at ultracryogenic temperatures

March 22nd 2024, Lecocq

Category Sub category Metrics

Cryogenics Dil Fridges • Cooling power
• Energy efficiency

Signal delivery • Cables
• Filters
• Attenuators
• Isolators

• Heat load
• Crosstalk
• Scattering parameters
• Thermalization
• Isolation

Shielding • Magnetic
• Thermal
• Radiation

• Efficacy vs frequency
• Heat load
• Thermalization

Readout chain Quantum 
amplifiers

• Gain
• Added noise
• Power handling

Quantum 
processor

• Qubits
• Resonators
• Integrated

circuitry

• Coherence (T1,T2)
• Gate fidelity
• Connectivity
• Crosstalk

Non-exhaustive list

Qubit coherence remains a 
critical metric

How do we identify the 
sources of decoherence?

How do we report 
decoherence times?
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Measuring and reporting qubit coherence

March 22nd 2024, Lecocq

Coherence fluctuates over time

Reporting max/mean T1 is usually not 
enough

Histogram/Time traces are better

S. Kono, Arxiv 2305.02591 (2023)

M. Bal, Arxiv 2304.13257 (2024)
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The SQMS Round Robin

March 22nd 2024, Lecocq

McRae et al, Appl. Phys. Lett. 119, 100501 (2021)

Disentangle some sources of loss by sending an 
identical device at multiple location within the 

SQMS center

Goal is to standardize:
• Measurement protocol
• Measurement electronics
• Measurement code
• Data analysis
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Conclusion

March 22nd 2024, Lecocq

But NMIs and other government agencies could/should help:

- define the right metrics

- define good practices

- support nascent quantum industry

Quantum computing is not mature enough for standardization yet
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Metrology at ultracryogenic temperatures

March 22nd 2024, Lecocq Non-exhaustive list

Category Sub category Metrics

Cryogenics Dil Fridges • Cooling power
• Energy efficiency

Signal delivery • Cables
• Filters
• Attenuators
• Isolators

• Heat load
• Crosstalk
• Scattering parameters
• Thermalization
• Isolation

Shielding • Magnetic
• Thermal
• Radiation

• Efficacy vs frequency
• Heat load
• Thermalization

Readout chain Quantum 
amplifiers

• Gain
• Added noise
• Power handling

Quantum 
processor

• Qubits
• Resonators
• Integrated

circuitry

• Coherence (T1,T2)
• Gate fidelity
• Connectivity
• Crosstalk
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Félicien Schopfer
LNE

22 March 2024

MetriQs-France
Measurement, evaluation and standardization

of quantum technologies

BIPM Workshop “Accelerating the Adoption of Quantum Technologies 
through Measurements and Standards”
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22 March 2024

Develop, exploit, and promote measurement capabilities of reference - validated, harmonized, widely recognized -
→ Characterization and performance assessment of quantum technologies 

→ Reliability, impartiality and comparability 
Metrology, Test & Evaluation, International Standardization…

Innovation + Establishment of the quantum industry

MetriQs-France
National Program for

Measurement, Evaluation, and Standardization
of Quantum Technologies

Measurement & Testing InfrastructureCollaborative R&D Projects

Quantum metrology platform at
LNE/French Metrology Network

Network of trusted platforms for
characterization and testing

Trust in QT
Adoption of QT

R&D on metrology gaps [QC Benchmarks,
Characterization of quantum components and
enabling technologies…]
Standardization [AFNOR, CEN-CENELEC,
ISO/IEC, IEEE…]
Collaborations EU and International
…

Independent and trusted third party
Expert in quantum
Expert in metrology, testing, standardization, certification…

• Research
Organizations

• Large industry
• Startups
• AFNOR

• LNE
• …
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LNE – Trappes
Characterization of solid-state 

qubits and enabling
technologies      

(electronics and cryogenics)

LNE-SYRTE-OP - Trappes
Quantum gravimetry

LNE-CNAM - Saint-Denis
Thermometry and 

optomechanical sensors at very
low temperature

LNE-SYRTE-OP - Paris
Atomic clocks

LNE / French metrology network
Quantum metrology platform

22 March 2024

Measurement & testing infrastructure
Infrastructure of reference, expert, independent, and open
Metrology R&D et Services for Quantum TechnologiesState-of-the-art equipment

(Investment program)
Controlled experimental conditions
Expert & skilled metrology staff

Network of trusted characterization platform for 
quantum technologies

Platform #1 Platform #X
+ Additional services to be deployed

resulting from R&D projects

A&B

LNE
LNE & LNE-SYRTE

LNE-SYRTE

A&B A&B

A&B
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22 March 2024

Scientific approach to the challenge
A set of benchmarks based on the resolution of
reference problems:

Optimization; Linear systems solving; 
Quantum physics simulation; Factorization

Aggregation of technical metrics (computational –
pb size, time, fidelity, accuracy…- and energetic) and
multicriteria notation related to a quality of service

BACQ Project: Application-oriented benchmarks for quantum computers

Key figures
3 years: Sept. 2023 – Aug. 2026
+ FastTrack action Q-score/MaxCut

6 partners →  7.2 FTE / year

3.9 M€ budget

Dialogue and collaborations

Developing a measuring instrument for the quantum computing practical performance.
Unbiased, “universal”, long-lasting, widely-used and recognized, to serve as common reference.

Annual International Seminar on QC Benchmarks 
https://teratec.eu/Seminaires/TQCI/2023/Seminaire_TQCI-230511.html

Purposes
Comparing classical vs. quantum 
[Analog, gate-based, NISQ to FTQC]
Measuring the progress towards a 
practical quantum advantage
Supporting the development of 
useful QC technologies

With QPU providers
With benchmarking initiatives

Quandela, IQM, Quantinuum, Pasqal,
Alice&Bob, QuEra, Quantum brilliance,
IBM, …(~20)
Superconducting circuits, spins, photons,
neutral atoms, trapped ions, NV... With end-users (more to come)…

R&D teams and projects:
Fraunhofer IKS (DE), TNO (NL), TUDelft 
(NL), Qilimanjaro (ES), QuIC (EU), QED-C
(US), Hamiltonian Library Project (US), 
UF/Metriq…

HPC centres, multiple industries, etc

https://arxiv.org/abs/2403.12205
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22 March 2024

EU and international collaborations “For widely-shared and recognized measurement capabilities
to serve quantum technologies industry”

Standardization

Metrology

Industry

Research & Technology
Organizations

Quantum community at large

NMI-Q

“EU Infrastructure for 
experimentation and testing of QT”

JTC 22

JTC 3

National Committee

R&D  - Services

…
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22 March 2024

Characterization of gravimeters, including cold atom
quantum devices, at LNE-Trappes (2022) felicien.schopfer@lne.fr

Main takeaway

Let’s build on the national quantum metrology initiatives,
like MetriQs-France, to develop collaborations between 

NMIs, Research Organizations and Industry
To progress towards internationally harmonized & recognized

measurement capabilities, benchmarks and standards
for quantum technologies.  

To establish trust in quantum technologies and accelerate
their worldwide adoption by industry, market and society.
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NMI Collaborations in Quantum 
Photonics Standards Development

John Lehman & Angela Gamouras
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Bioluminescence

Single molecule 
detection

DNA sequencing Biotechnology

Optoelectronics

Optical comms Photonics

Astrophysics

Nuclear
particle

detection

Spectroscopy

Physical Science

Meteorology

Remote sensing
Environmental

monitoring Lidar

Metrology

Primary
radiometric
standards

Quantum
enhanced

measurements

Quantum
standards Cryptography

Random 
numbers

Simulation

Computing

Quantum 
Information 
Processing

Medical 
Physics

Imaging

Radioactive 
monitoring

Clinical 
tomography

Sensing
Low-light

Surveillance

Chunnilall, et al., Optical Engineering 53(8), 081910 (August 2014)

Single-Photon
Technology

< NIST | NRC >
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Outline and Framework

Technical 
Cooperation

Information 
Exchange

Workforce & 
Training

Technical 
Documents

< NIST | NRC >
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Outline and Framework

Technical 
Cooperation

Information 
Exchange

Workforce & 
Training

Technical 
Documents

< NIST | NRC >
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Timeline 2003 - 2018
2003 Single Photon Workshop (Alan Migdall et al.)

2006 The “last” Symposium on Optical Fiber Measurements (SOFM)

2015 CCPR TG-7 questionnaire & pilot study single-photon detector (SPD) detection efficiency

2016 CCPR TG-7 pilot study, 11 participants, free space SPD (ongoing)

2016 NIST/PTB synchrotron based single photon detector calibration

2017 NIST/PTB Verification of calibration methods

2017 NIST special test SPD calibration

2018 NRC/NIST free space SPD comparison began

< NIST | NRC >
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Timeline 2019 - 2021
2017 BIPM Workshop "The Quantum Revolution in Metrology"  28-29 September 2017

2018 NPL/NRC/NIST Quantum Standards Meeting NIST Gaithersburg

2019 NPL/NRC/NIST Quantum SI Workshop NIST Boulder

2019 NIST/PTB MOU for faint light radiometry/radiometers (Beyer/Lehman)

2019 3rd Germany-USA-DE Joint Meeting, Federal Ministry of Education and Research, Berlin

2021 QED-C Workshop Single-photon measurement infrastructure: Needs and priorities

2021 National Quantum Initiative Funding to NIST

2021 New Developments and Applications in Optical Radiometry (NEWRAD)

< NIST | NRC >
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Timeline 2022 - 2024
2022 NIST/NRC/CU Quantum dot source & faint light radiometry

2022 NIST/NRC Calibration and comparison of detection efficiency

2023 NIST Detector Calibration for Customers ISO17025

2023 NIST/NPL single photon detector comparison (APD)

2023 NIST Single Photon Dictionary

2023 NEWRAD Teddington

2023 Single Photon Short Course (INRIM, NIST, NRC, NPL)

2024 Single Photonics Short Course

2024 Single Photon Workshop

< NIST | NRC >
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Directions: NMI Collaboration < NIST | NRC >
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Directions: International Engagement

3rd Germany – United States Science and Technology Joint Meeting Commission

November 5 & 6, 2019, Federal Ministry of Education and Research (BMBF), Berlin

Workshop on Quantum Information Sciences

Highlighted the longstanding cooperation with PTB

< NIST | NRC >

Additional State Dept meetings were planned before Covid
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Directions: Workforce Development

https://www.colorado.edu/initiative/cubit/single-photonics-and-quantum-radiometry-short-course

< NIST | NRC >
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Directions: Workforce Development

https://www.colorado.edu/initiative/cubit/single-photonics-and-quantum-radiometry-short-course

< NIST | NRC >
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Directions: Workforce Development

https://www.colorado.edu/initiative/cubit/single-photonics-and-quantum-radiometry-short-course

< NIST | NRC >

<Q|School Summer School:
Photons
Clocks
QuBits
Atoms
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Directions and Opportunities

SPIE Photonics west 2024 (893 presentations)
SPIE Photonics Europe (300 presentations)

< NIST | NRC >
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Directions and Opportunities

1986 -2006

“The first transatlantic 
telephone cable to use 
optical fiber was TAT-8, 
which went into 
operation in 1988”

< NIST | NRC >
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Directions and Opportunities < NIST | NRC >

Discussion Forum on Few-Photon Metrology (CCPR-WG-SP-TG7)
→ NMI, industry and academic members

Industry & academic engagement to monitor advances and demands in 
quantum photonics 
→ Consortia
→ Collaborative discussion forums
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Terminology Documentation < NIST | NRC >

0

500

1000

1500

2000

1990 1995 2000 2005 2010 2015 2020 2025

Papers/year with the words
“single-photon detector”

(as of September 1, 2023)

J. Bienfang (NIST)

Inconsistencies in terminology:

Usage: no well-defined meaning

Context: different meanings in different fields

Clarity: Incomplete, comparisons difficult or impossible

CIE Reportership DR 2-87 Terminology in single/few photon metrology
12 contributors from 7 NMIs and research institutes

NIST Single-Photon Sources & Detectors Dictionary
https://nvlpubs.nist.gov/nistpubs/ir/2023/NIST.IR.8486.pdf
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Terminology Documentation < NIST | NRC >
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12 contributors from 7 NMIs and research institutes
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Terminology Documentation < NIST | NRC >

0

500

1000

1500

2000

1990 1995 2000 2005 2010 2015 2020 2025

Papers/year with the words
“single-photon detector”

(as of September 1, 2023)

J. Bienfang (NIST)

Inconsistencies in terminology:

Usage: no well-defined meaning

Context: different meanings in different fields

Clarity: Incomplete, comparisons difficult or impossible

CIE Reportership DR 2-87 Terminology in single/few photon metrology
12 contributors from 7 NMIs and research institutes

NIST Single-Photon Sources & Detectors Dictionary
https://nvlpubs.nist.gov/nistpubs/ir/2023/NIST.IR.8486.pdf

Resources required!

199



< NIST | NRC >

NMIs have contributed to:

Direction: Documentary standards

Revision of ISO/IEC 18031 – Random Bit Generators [approved]

ISO/IEC 23837:2023 Security requirements, test and evaluation methods for QKD

ETSI GS QKD 016:2023-04 Common Criteria Protection Profile – Pair of Prepare and

Measure QKD Modules

ETSI GR QKD 007 V1.1.1 (2018-12) QKD: Vocabulary

ETSI GR QKD 003 V2.1.1 (2018-03) QKD: Components and Interfaces

ETSI GS QKD 011 V1.1.1 (2016-05) QKD: Component characterization: characterizing

optical components for QKD systems
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< NIST | NRC >

ISO/IEC JTC 1/WG 14
Quantum Information Technology: standardization 
program on Quantum Computing

Quantum information, metrology, sources, detectors, 
communications and fundamental technologies

March 2023

February 2024

June 2020

Support deployment of quantum 
technologies in European industry

Recent standards development activities:

Direction: Documentary standards

Information exchange: Discussion Forum on Few-Photon Metrology

CEN/CLC/JTC 22 (4 WGs)
Quantum Technologies

→
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Direction: NMI Cooperation < NIST | NRC >

Outcome of CCPR-WG-SP-TG7 Discussion Forum on Few-Photon Metrology

→ Single-Photon Radiometry TG (CCPR-WG-SP-TG11)

→ Pilot study on detection efficiency of single-photon detectors (11 participants)

What next?

Documentation
Recommended measurement practices 

Pitfalls to avoid

Technology
Required uncertainties (per application)

Develop shorter SI-traceability path 
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SI-Traceability: Quantum Photonics < NIST | NRC >

→ Shorter traceability chain for fibre-coupled photodetectors 

Impact: telecommunications and information technology sectors
Radiometer chip

Underpinned by radiometry: optical power (cryogenic radiometer)

Example: Technology  Metrology
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SI-Traceability: Quantum Photonics < NIST | NRC >

Metrology solutions for future quantum photonics infrastructureWhat next?

NRC quantum dot emitters NIST faint-light radiometer

InP

InP

InAs

Sci. Rep. 12, 6376 (2022) Photo: N. Tomlin

Quantum photonics  Metrology
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SI-Traceability: Quantum Photonics < NIST | NRC >

First measurements of NRC quantum dot emitters with a specialized faint-light sensor

NMI collaboration: Combining technologies

Quantum 
Dot 1

Quantum 
Dot 2

Quantum 
Dot 3
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SI-Traceability: Quantum Photonics < NIST | NRC >

Metrology for photonic quantum computing, communications & networks
→ Mass testing of quantum photonic integrated circuits

What next?

Madsen et. al. Nature 606, 75 (2022) psiquantum.com/approach
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SI-Traceability: Quantum Photonics < NIST | NRC >

Substrate (SiOO2OO2)waveguide (SiN)

QD nanowire

On-chip integrationNMI collaboration: combining technologies

www.nist.gov/image-10150

Quantum photonic integrated circuit development
→NRC quantum emitters & NIST single photon detectors

Acknowledgement D. Dalacu
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Quantum photonic integrated circuit development
→NRC quantum emitters & NIST single photon detectors

SI-Traceability: Quantum Photonics < NIST | NRC >

Substrate (SiOO2OO2)waveguide (SiN)

QD nanowire

On-chip integrationNMI collaboration: combining technologies

www.nist.gov/image-10150

Future SI-traceable QPIC calibrations
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Strength in Collaboration < NIST | NRC >

Short Term Goals:

Common language

Terminology – make the single-photon dictionary a standard

Understanding of measurements

Publish recommended measurement practice/pitfalls technical notes

Long Term: Support quantum photonics measurements & future infrastructure

Identifying comparison activities (detectors, sources, etc.)

Practical calibrations and SI-Traceability
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Summary < NIST | NRC >

Progress in quantum photonics standards activities

Communication

Collaboration

→ Discussion Forums & Networks

→ Motivation  +

→ Terminology documentation

→ Technology Integration 
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Questions

211



Nicolas Spethmann,  Analysis by Pierre Gournay
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Questionnaire: Accelerating the Adoption of Quantum 
Technologies through Measurements and Standards

• 38 NMIs/DIs represented at the workshop
• of those, 92 % responded to the questionnaire

Survey goal was to get an overview of:

• existing activities of respective economies in quantum,
• topics and fields of quantum that are actively pursued,

to inform the discussion of the workshop.
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In your economy, do you 
have a domestic quantum 
strategy ?

In your economy, do you 
have a suite 
of domestic/regional/local 
quantum programs?

Links to further information at the end of this presentation
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In your economy, do you 
have Quantum-relevant 
roadmaps?

Do your NMIs/DIs have 
quantum programs ?

Links to further information at the end of this presentation
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Do you have current 
collaborations with other 
NMIs related to quantum?

Do your NMIs/DIs have 
quantum programs ?

Links to further information at the end of this presentation
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What are your highest priorities for your quantum program(s)?
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Other proposed priorities:

• Health

• Environmental sensing

• Critical infrastructure

• Supporting supply chain
resilience

• Developing skills and training

What are your highest priorities for your quantum program(s)?
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• Health

• Environmental sensing

• Critical infrastructure

• Supporting supply chain resilience

• Developing skills and training

What are your highest priorities for your quantum program(s)?
Other proposed priorities
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Please indicate which application areas you’re active or interested in
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Please indicate which application areas you’re active or interested in
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How do you support & engage quantum industry?

80 % NMIs/DIs responded with activities, including the following:

• Collaborative research with industry and academia
• Testbeds, services and sharing facilities, characterization of components, 

traceability
• Proof-of-principle and novel measurement capabilities, evaluation of 

components
• Training (together with academia), awareness, communicate 

opportunities and challenges
• Participation in standardization
• “Creating critical mass” and synergies for industry’s use of quantum
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Anything else you would like to share with the community?

• “… open for collaboration with both scientific quantum community and 
quantum industry…” 

• “…eager to offer the available standards and know-how for the quantum 
research and industry…”

• “...looking forward to development of the novel traceable tools and 
measurement techniques…”

• “…it is very challenging for small NMIs in developing economy to keep up with 
speed of research and technology development. Only through strategic capacity 
building and research collaborations that the gap between advanced NMIs and 
developing NMIs will not be wider at higher speeds...”
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Observations from the questionnaire

• In the quantum technology application areas, there are 
• broadly established fields with significant activity and interest (clocks, 

Josephson junctions, quantum Hall, …) 
• less established fields with limited activity (Majorana qubits, …)
• less established fields with high level of interest (gravimetry, 

magnetometry, …)
• Diversity of approaches and intensity of  “quantum activities” across 

metrology community
• Engagement with quantum industry covers a spectrum of activities 

beyond ‘core’ metrology
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Davide Calonico
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What technologies and applications can we advance
through cross-NMI collaboration?
What activities and outputs should we produce?
How can outputs be used?

226



Break/Lunch
Room

Plenary
Room

Group 3 - Petit Pavilion
Facilitator: Stefan Kück
Rapporteur: John Devaney

Group 4 - Myria Room
Facilitator: Michael Kjær
Rapporteur: Félicien Schopfer

Group 1 - Pavillon du Mail nord
Facilitator: Daiji Fukuda
Rapporteur: Dong-Hun Chae

Group 2 - Pavillon du Mail sud
Facilitator: Ivo Degiovanni
Rapporteur: Thomas Gerster

Break-out 2 – 10:45 – 11:45
What should NMIs/DIs do 
together?

Groups 3 and 4 should wrap-up five minutes early to get back to the plenary room 227



Group Photo 
& Break
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Facilitator: Daiji Fukuda
Rapporteur: Dong-Hun Chae
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Rapporteur: Thomas Gerster
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What should NMIs/DIs do 
together?

Groups 3 and 4 should wrap-up five minutes early to get back to the plenary room 229
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Jan Herrmann
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How can we work together?

International Avogadro Coordination Project Versailles Project on Advanced 
Materials and Standards (VAMAS) 

Examples of frameworks for NMI collaboration
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Background of the collaboration 
Resolution 7 of the 21st CGPM (1999)
▪ NMIs were recommended to continue their efforts to refine experiments that link

the unit of mass to fundamental or atomic constants with a view to a future
redefinition of the kilogram.

The Avogadro constant NA: link the kilogram to atomic mass
▪ X-ray crystal density method using Si crystal
▪ The target of ur(NA) = 2 × 10−8

▪ NMIJ-IRMM using natSi crystal in 2003 : ur(NA) = 2 × 10−7

→ International cooperation among NMIs for the significant reduction of the
uncertainty using 28Si-enriched crystal

Naoki KURAMOTO, Prime Senior Researcher, Leader of Mass Standards Group, NMIJ

Example 1: International Avogadro Coordination
project for the re-definition of the kilogram
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Start : 2004
Target : Accurate NA measurement using 28Si-enriched 
crystal

Many independent papers from the members (extract)

Sphere volume
▪ NMIJ : N. Kuramoto et al. Metrologia, 54, 193 (2017)
▪ PTB : A. Nicolaus et al. Metrologia, 54, 693 (2017)

Lattice constant
▪ INRIM : E. Massa et al., J. Phys. Chem. Ref. Data, 44, 031208 (2015)
▪ NMIJ : A. Waseda et al., IEEE Trans. Instrum. Meas., 66, 1304 (2017)

Molar mass
▪ PTB : A. Pramann et al., Int. J. Mass Spectrom., 299, 78 (2011)
▪ NMIJ : T. Narukawa et al., Metrologia, 51, 161 (2014)

Many joint papers from the IAC (extract)

Sphere diameter comparison among NMIJ, PTB and NMIA : 

N. Kuramoto, IEEE Trans. Instrum. Meas., 60, 2615 (2011)
Sphere mass comparison among BIPM, NMIA, PTB, NPL and NMIJ :
A. Picard et al., Metrologia, 46, 1 (2009) 
NA determination by PTB, NMIJ, NMIA, METAS, NIST, INRIM, BIPM and IRMM:
B. Andreas et al., Phys. Rev. Lett., 106, 030801 (2011)Naoki KURAMOTO, NMIJ

International Avogadro Coordination (IAC)
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Collaboration by the IAC project played a decisive role in the 
redefinition of the kilogram.

IAC-11, IAC-15
▪ Y. Azuma et al., Metrologia, 52, 360 (2015)

IAC-17
▪ G. Bartl et al., Metrologia, 54, 693 (2017)

NMIJ-17
▪ N. Kuramoto et al., Metrologia, 54, 716 (2017)

Naoki KURAMOTO, NMIJ

Determination of the Planck constant
for the new definition of the kilogram
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Example 2: VAMAS

vamas.org

The Versailles Project on Advanced Materials and Standards (VAMAS) was established 
as one of 18 cooperative projects at the 1982 Economic Summit of the GATT 7 
to stimulate trade in new technologies. Its membership has expanded over the years.

“

”

To support world trade in products 
dependent on advanced materials 
technologies by providing the technical 
basis for harmonized measurements, 
testing, specifications, and standards.
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VAMAS – Structure

vamas.org

Steering Committee

Chair
Secretariat

Technical Working Areas

TWA

Chair

TWA

Chair

TWA

Chair
…

TWA

Chair
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VAMAS – Governance

vamas.org

Membership
Economies/institutions may enter into this 
collaboration as parties through 
Memoranda of Understanding (MoUs). 
Such economies/institutions should make 
an application to the Steering Committee 
describing their proposed contribution to 
the purpose of VAMAS and their technical 
capabilities in the relevant fields.

Steering Committee
Overall management of VAMAS is through 
a Steering Committee with up to three 
representatives from each of the member 
economies. The Chair and Secretariat of 
VAMAS alternate on a three-year cycle.

238



VAMAS – Active Technical Working Areas

2 – Surface Chemical Analysis 37 – Quantitative Microstructural Analysis
5 – Polymer Composites 39 – Solid Sorbents
16 – Superconducting Materials 40 – Synthetic Biomaterials
24 – Performance Related Properties of Electroceramics 41 – Graphene and Related 2D Materials
31 – Creep, Crack and Fatigue Growth in Weldments 42 – Raman Spectroscopy and Microscopy
33 – Polymer Nanocomposites 43 – Thermal Properties
34 – Nanoparticle Populations 44 – Self Healing Ceramics
36 – Printed, flexible and stretchable Electronics 45 – Micro and Nano Plastics in the Environment

TWA 0 – Strategy and Impact

VAMAS – Technical Working Areas

46 TWAs established; 17 currently active
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VAMAS – Effective pre-normative research

vamas.org
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VAMAS – Connections 

vamas.org

BIPM (2008)
This MoU facilitates collaboration to identify key metrological traceability issues affecting 
the comparability and accuracy of the measurement of materials .

ISO (2013) and IEC (2014)
These MoUs enable joint publications based upon the work of VAMAS to accelerate the 
development of documentary standards in advanced materials.

World Material Research Institute Forum (2008)
This MoU encourages information exchange and possible joint work items between the two 
organisations.

APMP (2020)
This MoU aims to foster the collaboration and lay the framework for cooperative activities to 
promote the development of metrology infrastructure in the Asia Pacific region with a key 
focus on the comparability and accuracy of the measurement of materials properties.
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VAMAS – Benefits 

vamas.org

VAMAS has contributed to the development of national and international standards through
• Pre-standards work in rapidly developing technical areas
• Agreed nomenclature
• High quality data generation via inter-laboratory comparisons
• Precision data statements
• Provision of reliable material properties
• Contribution to the development of reference materials
• Development and validation of test methods and procedures
• Help establish the basis of new technical committees in standards bodies
• Effective transfer of results to standards bodies leading directly to international standards
• Increased proficiency of laboratories, including industrial laboratories
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VAMAS – Benefits 

vamas.org

VAMAS has contributed to the development of national and international standards through
• Pre-standards work in rapidly developing technical areas
• Agreed nomenclature
• High quality data generation via inter-laboratory comparisons
• Precision data statements
• Provision of reliable component and system properties
• Contribution to the development of reference testbeds
• Development and validation of test methods and procedures
• Help establish the basis of new technical committees in standards bodies
• Effective transfer of results to standards bodies leading directly to international standards
• Increased proficiency of laboratories, including industrial laboratories

NMI-Q

NMI-Q can
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Jan Herrmann
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How do we organize ourselves?
What constrains us from collaborating?
How do we engage industry?
Which other organizations do we need to include?
How do we share our outputs?
What is the role of CIPM/BIPM?
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Break/Lunch
Room

Plenary
Room

Group 3 - Petit Pavilion
Facilitator: Kevin Thomson
Rapporteur: Stefan Kück

Group 4 - Myria Room
Facilitator: Nicolas Spethmann
Rapporteur: Lisa Lambert

Group 1 - Pavillon du Mail nord
Facilitator: Davide Calonico
Rapporteur: Angela Gamouras

Group 2 - Pavillon du Mail sud
Facilitator: Nobu Kaneko
Rapporteur: Florent Lecocq

Break-out 3 – 13:15 – 14:15
How can we work together?

Groups 3 and 4 should wrap-up five minutes early to get back to the plenary room 246



Agenda – Day 2 – Continued
Solutions

JT Janssen, Tim Prior and Barbara Goldstein
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Lunch
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Agenda – Day 2 – Continued
Solutions

JT Janssen, Tim Prior and Barbara Goldstein
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Nicolas Spethmann
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NIST – James Olthoff
CEM – Dolores del Campo Maldonado
NRC – Andrew Todd
INRiM – Ivo Degiovanni
CIPM – Wynand Louw
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JT Janssen, Tim Prior and Barbara Goldstein
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Martin Milton
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