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The measure of everything

* Why measure?

If you can’t measure, you can’t make it better.

NPLI

"Arguably, the ability to

measure physical properties
accurately has tremendous survival
value that gives humans an
adaptive evolutionary advantage"
Lord Kelvin (1883)
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= Metrology is “the science of measurement, embracing
both experimental and theoretical determinations at
any level of uncertainty in any field of science and
technology.”
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= Almost all of science,
industry and
commerce involves
making and
interpreting
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Metrology’s main activities

= The definition of internationally accepted
units of measurement, e.g. the kilogram

» The realisation of units of measurement by
scientific methods

= The establishment of traceability chains by disseminating and
documenting the value and accuracy of a measurement

» Traceability implies the calculation of an associated measurement
uncertainty
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Coming up:

* Quantum mechanics — what Is It?
* Quantum technology today
 What made gquantum possible?

* Quantum technology tomorrow
 Magnetometry
« Gravimetry

« Quantum imaging



Classical mechanics
Gravity, light & calculus

|Isaac Newton
1642-1726




Classical mechanics

« Johannes Kepler
Three laws of planetary motion

« Joseph-Louis Lagrange
Differential equations, Lagrangian mechanics etc.

e Leonhard Euler

Calculus of variations, analytical number theory
etc.

« Gottfried Leibnitz
Differential & integral calculus

 Michael Faraday

Electromagnetism

“There is nothing new to be
discovered in physics now.
All that remains is more and

more precise measurement."
Lord Kelvin (1900)



Unexplained observations

 Blackbody radiation
» Photoelectric effect
* Energy spectrum of Hydrogen

Hydrogen Absorption Spectrum

Hydrogen Emission Spectrum

400nm 700nm

H Alpha Line
656nm
Transition N=3 to N=2



Quantum mechanics founders

Einstein
Bohr
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Schrodinger



The strange world of quantum is highly counter-intuitive! NPLE

h _
Wave Nature —and h =~ 6.6 x1073*Js
of Matter ]V p

Quantization

Superposition ! ?

?
Entanglement ¢ ________

Observed Affected
“here' “over there'




Young's Double Slit Experiment: Bullets
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Young's Double Slit Experiment: Waves

1|2




Young's Double Slit Experiment: Waves NPLE




Young's Double Slit Experiment: Electrons NPLE




Young's Double Slit Experiment: Electrons NPLE




Quantum Summary

* Things can be In two states at the same time

* Things are described by probabillities
* The act of measurement has a profound effect
* Things can interact non-locally

* It's Impossible to know all things exactly

Yet, guantum mechanics is the most
successful theory which describes
nature with unpresented precision




Quantum Applications today

Loads of modern technology is underpinned by quantum technology

Atomic clocks
Semiconductors Nuclear power



Nanotechnology

« Semiconductors
* Lithography

« Microscopy

Bottom-up atom by atom

Top-down



Cryogenics

Classical
Coldest place on earth -65 °C or 210 K
Liquid Oxygen -180 °C or 90 K
L|qU|d Nltrogen -200 OC or /77 K Kamerllng Onnes’ 1911
Liquid Hydrogen -240 °C or 33 K g5
Liquid Helium -269 °C or 4 K ps f‘/,r""
Outer Space 270 °Cor 3K £ o
% Qors ': 3‘15’?
Absolute zero -273°Cor0K z P
Quantum 0015 =77

Superconductivity _ ol L L
Temperature (K)




Superconductive Levitation




LHC Magnets




Modern Cryogenics
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Laser Cooling NPLE

Plane = Atom

M

Balls = Photons




Atom trapping

* |If you can cool atoms with
lasers, you can trap them...

Atom cloud in
ocptical molasses




Quantum Electrical Metrology
and the SI



The quantum Hall effect

Discovered in 1980 by Klaus von Klitzing R . h 1
Nobel Prize in Physics in 1985 H eZ |
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Josephson effect

Superconductor

Insulator /‘\

Nobel Prize in physics In

Superconductor

Predicted in 1962 by Brian Josephdon

Voltage

Current




The S| Base Units
Pre-2019




The New International System of Units NPLE




Quantum Revolution #2

«gi:l

Entanglement

NPLE



Flux quantisation in a superconducting ring INPLE




The SQUID

Superconducting QUantum Interference Device

O An interferometer for
superconducting current
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Quantum Magneto Encephalography




NanoSQUIDs for Quantum Sensing

NanoSQUIDs for single photon NanoSQUIDs for spin detection N!EMS resonators readout
detection with nanoSQUID




Big Science

Dark Matter search Gravity Probe B mission
(testing Einstein's theories)



Atomic magnetometry

Light Source
(probe)

\

Detector

Light
Source
(pump)

e



NPLE

Atomic magnetometry applications

* Non-Destructive Testing (NDT)

* Inertial sensing for Positioning,
Navigation and Timing

* New forms of computing
« OPM-MEG

Optically Pumped Magnetometer
Magnetoencephalography

Neurolmage 2020, 219, 116995



Gravimetry

« Measuring gravity — very important!

» Key to geology, hydrology, climate science, satellite flight etc.
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Mantle & core mass



Traditional ways of measuring gravity

Courtesy Microg LaCoste



Space

Atomic Gravimeters (from apples to atoms)
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Birmingham Mobile Atom Gravimeter
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Atomic eteeks gravimeters?

* General Relativity — gravitational time dilation

Time flows slower in higher gravitational potentials
« Earth’s core 2.5 yrs younger than crust!

« Atomic clocks incredibly sensitive

Time ‘speedup’ detected across 1 mm cloud of
atoms!

» Use clocks as sensors for missing ‘dark’ matter?
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Self-Calibrating standards NPL

Active Ring Resonator Thermometry NIST Chip-scale clock

d=368nm
Doppler Broadening Thermometry —_

Phase control  Samgled mirror SOA  Phase modulator

NIST Chip-scale
Magnetometer




Summary

* Quantum sensing better than
classical, but a bit “weird”!

* Next quantum revolution is here

* Quantum technology will
continue to shape our lives!
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