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= an invitation to enter a new field of physics

by Richard P Feynman

Talk given on the 20 December 1959 at annual meeting of the
American Physical Society. Published in the February 1960 issue of
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Discussed:
A Nanometre scale i ' torage by electron writing




Drivers of manufacturing accuracy capability

F AGNRPY2YR@XXXXXDPLI NIAOES LIKEAAOAXXXXDPDPX DDA NI

XXDPXXXXXXXXXXPRSTFSYOS XX

OGN AYAaXX FdzizY20A@BSs |

XXXXYASONROG N2 Y A OF

XXXXXXXBAYR 3 gl (S renewable energy

980

2000 2010 2020



LOXHAM

PRECISION

This talk i1s based on knowledge and information
| was fortunate to obtain during from my time at the
UKOsSs nati onal measur ement
National Physical Laboratory.
Acknowledge own, Head of Metrology
Ipal Scientist, NPL




The Measure of All Things

Prof Richard Brown
Head of Metrology

National Physical Laboratory
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A Why accurate measurement matters

A How measurements are expressed

A Where our current measurement system came from
A How international agreement on units was achieved

A How our measurement system has evolved
(& might change in future)



Measurement is ubiquitous, often unnoticed NPLEl
but makes everything function




The language of
measurement

Length of the table =2 m

thing being
measured
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| International
- agreement

on units was
needed




Key messages 1

life, relies on measurement

U It Is accurate measurement that enables progress in science jar
soclety

U The system of measurement units and quantities we now rely o
goes almost unnoticed because it works so well

UCKAE gl ay Qi cludugti1&Gyeanskhg théré wias ho
agreement on the units we should use for measurement




How did we get to now?
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A After the French Revolution old units ol
measurement associated with the old :
regime were replaced by new units

A The meridional definition of the metre  pyise du palais des Tuileries
was soon embodied by a metre bar,  Jean DuplessiBertaux 1793
YhetreRS a4 | NOKAGBSaAaQT AY MT i

A The kilogram, based on the mass of water having a volume of one
litre or one thousandth of a cubic metre was embodied by the
Wi AEf23aINF YYS RS& ! NOKAGSAQZ AY MT

, _ _ In 1794/5 the French
A Placed in the custody of the French Academy of Sciences government used a

A By 1812, due to the unpopularity of the new metric system, France decimal clock an

: .. . unpopular change!The
had reverted to using unitsimilar tothose of their old system Measure of All Things,

A By 1837 the metric system was-adopted by France, not least Alder)
because of growing use by the international scientific community




How did we get to nowg part 27?
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danger of lack of comparabillity, or rival systems emerging

A Prompted by the growth of international trade, the second
Industrial revolution, and the need to unify geodesic
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A This diplomatic treaty established a permanent
organizational structure for member governments to act in
common accord on all matters relating to units of
measurement

A Initially covering just mass and length standards, the
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Woodcut dated 1800 iIIustrat?ﬁg
the new decimal units which
became the legal norm across al
France on 4 November 1800



1875: The Metre Convention signed NPL

DOCUMENTS DIPLOMATIQUES

LA CONFERENCE DU METRE.

PARIS.

IMPRIMERIE NATIONALE.

1875,

1889: metre, kilogram &
second agreed

T
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1954 ampere, kelvin & candela

&
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1971: mole
asl | |
International System otJnits

(Systeme International d'Unités



Derived units
without special

S| DERIVED UNITS WITH SPECIAL NAMES AND SYMBOLS

S| BASE UNITS

names Solid lines indicate multiplication, broken lines indicate division N P L
Klogram | ] e < Ve 414, National Physical Laboratory
kg (kg-m/s?) [ pasca '(N/m ) gray @(J/kg) sseven@ (U/kg)
- A
PRESSURE. ABSORBED DOSE S
DOSE EQUIVALENT eve n
meter m
watt /s) becquerel (1/5) hertz (1/5) d p d
LENGTH @\ """" @ I n e e n e nt
ENERGY, WORK, - ,: msoueucv b "
second . QUANTITY OF HEAT HEATFLOWRATE aSG U n |tS
s oAy Lersnannmmnnnnnnininniainet
TIME (V-s) henry @(Wb/A) tesla @ (Wb/m?)
mole MAGNETIC A MAGNETIC A AI I h
mol FLUX DENSITY Ot er
AMOUNT OF > A z, A
oA\, o WRSNAOS
T . B S | ¢ S e Y AN\
B LB are made from
ELECTRICCURRENT | | ./ “""% FORCE _ _
egree (CN) ohm (V/A) siemens (1/92) r ' l b
kelvin Celsius @ @ CO I n a.tl O n S
K e °©° WY N THaa
CELSIUS CAPACITANCE RESISTANCE CONDUCTANCE f h
7’,‘5&“;&0‘%‘# TEMPERATURE O t e S e
£/°C = T/K - 273.15
candela i :
cd lux ~ (Im/m?)  lumen ~~ (cd-sr) """"'d"m@(mz/m2 . u)md'a(m/m =1)
LUMINOUS INTENSITY \ >
ILLUMINANCE LUMINOUS SOLID ANGLE PLANE ANGLE
FLUX




World-wide agreement

e
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A October 2023:
64 Member States

A Covering 98 % of
global GDP

.- [ -
.

A National Metrology Institutes all around the world!
A Responsible fodeveloping, improving and maintaining national
measurement standards for these units
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Key messages 2

0 Our current measurement systeqil KS WY S (i Ndbs®
from the ashes of the French revolution

U This system grew Iinto the International System of Units (the
that we use today, founded on 7 independent base units

U A globally agreed system that confers on our measurements
stability, comparability and continuous improvement




Timeline of theSI

Resolution 6 of the
oth CGPM (1948)

The CIPM was tasked to make
recommendationdor a single practical
system of unit®f measurement, suitable for

adoption by all countries adhering to the 1971
Metre Convention conventions  for
1960 the mole was the volt and the
Thenameadoptedby the introduced ¢ to ohmadopted
11t CGPMn 1960for the provide a unit for
systemwith 6 baseunits. chemistry the candelac
A kilogram 1967 redefined as 1983 the Internationa
A second monochromatic TemperatureScale
A metre The second was radiation. (ITS0) Was
A ampe,re redefined ¢ the the meter was adopted
A kelvin atomicsecond redefinedc the
A candela first fundamental
constant.
O ) O N )
\ S N4 -/ |

The Sl constantly

evolves unit definitions

& realizations to meet
user needs for accura

1990

www.bipm.org




Measurement

1
unit evolution ‘]
A We need to agree on H
somethingthat IsPT AE S
It has no uncertainty -
A The agreement needs to
be global Convenient Realisation in Realisation by
) _ _ many locations|| many
A There are three options: experiments
. PhySIC_:aI artefact Unique artefact| | Depends on Experiments
U Material property susceptible to || material purity || are

(1 Constant of nature change, & generally only| challenging
damage or loss | one experiment



Evolving unitsg the metre NPLE

National Physical Laboratory

Speed of Light exactly
299 792 458 m/s

" Wavelongth Metre = distance travellefi

by light inexactly
\/\/\ J seconds

Physical artefact—> Material property —» Constant of nature
(1889) (1960) (1983)




Key messages 3

U Our system of 7 base units is a compromise between our
perception of reality and practical usefulness

U The Sl and the definition of base units has always evolved o\er
time to meet the needs of end users

U Over time base units have transitioned from being based on
LIKEaAOFIf FNISTFIFOGA I YIFGSNA
U This has happened in the past for the metre (using the speed o

light) and the aim was for this to happen for all base units



Massc the kilogram

problem

—

10 cm

Inconvenient artefact

Convenient but unigue artefact
susceptible to change



The kilogram problem: How was the internationalNPL &

prototype of the kilogram (IPK) changing?
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https://vimeo.com/270500374

2 minute trailor

https.//www.pbs.org/video/the-last-artifact-bvn9ea/

50 minute film


https://www.pbs.org/video/the-last-artifact-bvn9ea/
https://vimeo.com/270500374

Technological advances provide a solution NPLE

National Physical Laboratory

A Allowed a redefinition of the mole in terms of the Avogadro constant
A Allowed a redefinition of the kilogram in terms of Planck constant
A Provided confidence in the changes because these two, very different, experiments ag

Counting atoms Balancmg forces




Counting Atoms: XRCD Method @ PTB

Use of a silicon crystal!

Volumea?® of the unit cell
Volume of an atoma,/8
VolumeV of a sphere
NumberN of the atoms

W

m

sphere

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin MNationales Metrologieinstitut



The Kibble Balance

/[When b al ance}{é

O (L ©WQ
0 | 4Q Rigid
“— Frame
;179
0 g // Magnet Z[
/(When fallingké

Voltmeter

® |4 L0

/ T Y
| 1

@ Coil
i N Q0
~ - ,/

U

/)
Combini ngeé
. w0

Vo i ao00

. Interferometer




The Kibble Equation
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Other terms already

have fixed numerical

A Voltage, V, can be measured in terms o nd e |values, or are closel
related toh T

A Current, i, can be measured in terms o nd e
A g can be measured in the lab with gravimeter in terms of 3 and c

A Speed is measured with the interferometer in terms of 3@ and ¢
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Figure 2. Values of the Planck constant / inferred from the input
data in table 4, the CODATA 2014 value, and the CODATA 2017
value in chronological order from top to bottom (see table 10).

Dashed values were not included in the final 2017 adjustment. The
inner green band is £20 parts in 10° and the outer grey band is 50

parts in 107, KB: Kibble balance; XRCD: x-ray-crystal-density.
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How do we know when

Vd Pa

6SQQUYS 3I20 UKS

When the accuracy of the new
experiments Is such that we could
start to determine changes in the
mass of the IPK

Peter J Mohr et al 2018 Metrologia 55 125



Key messages 4

U The kilogram, the last base unit defined by a physical artefact,
was a challenge to describe in terms of a constant of nature

U The solution was im

U ur
the atoms in a perfect sphere &1Si

U As aresultboth the kilogram and the mole could be redefinedjin
terms of the Planck and Avogadro constants, respectively
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w A Accuracy

Nt he cl oseness of
between the results of a
measurement and the

(conventional) true value of the
measur and o, wher €
International Standards
represent the ntr




Base Units of the SI kilogram

candela “ metre

mole

second

kelvin ampere
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Quantitative Comparison

éeof an unknown
with a standard quantity
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The Base Units of the Sl

National Physical Laboratory

candela atre
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Kelvin ampere

After: M. de Podesta, N




Redefining the base units of the SI?

Why?
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Quantitative Comparison

éeof an unknown
with a standard quantity

Could we chooseur
standards more wisely?
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S| Base Units and Natural Constants
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National Physical Laboratory

Unit Definitions
In terms of

Unit Definitions
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Sl. The International System of Units

Administered fromBIPM
A InternationalBureauof Weights & Measures

Run by ||
A Inte DRAFT Resolution A: CGPM 2018
Should decide to make the change from 20 th May 2019
Agend
A Ger
207 20
July NQ' Mazlg

Start Measure Measure Measure Measure Measure Measure Measure Measure Measure STOP'!

2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019



The New International System of Units
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