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Introduction

A comprehensive evaluation of fundamental constants was
first done by R. Birge in 1929.

Values of the fundamental constants are currently
recommended every 4 years by CODATA.

The values are obtained by a least-squares adjustment.

The constants are expressed in terms of units of the
International System of Units (SI).

The Sl is likely to be redefined in 2018.

The uncertainties of many fundamental constants will change
significantly as a result.
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Some of the Fundamental Constants

e Newtonian constant of gravitation:
G = 6.67384(80) x 10~ m3 kg—1ts—2 [1.2 x 10=4]

e Avogadro constant:
Na = 6.02214129(27) x 10?3 mol—1! 4.4 x 1079

e electron mass: |
me = 9.10938291(40) x 10~31 kg  [4.4 x 105

e Planck constant: _
h =6.626 069 57(29) x 1024 J s 4.4 X 10—8]

e eclectron mass (in u):
me = 5.485 799 0946(22) x 10~% u 4.0 X 10_10]

e fine-structure constant:
o =1/137.035999074(44)  [3.2 x 10~1]

e Rydberg constant:
R.. =10973731.568539(55) m 1 5.0 x 10712]



Electron mass In various units

solar mass unit:

me = 4.58092(55) x 1051 M,

kilogram (SI):

me = 9.109 382 91(40) x 10~3! kg

relative atomic mass unit:
me = 5.485 799 0946(22) x 10~% u

natural unit:
me = 1 nu

0]

1.2 x 1074]
4.4 x 1078]

4.0 x 10719]
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Detailed contents About this reference Feedback Getthe PDF Beader
Privacy Statement / Security Notice - NIST Disclaimer

MIST Standard Reference Database 121
Bate cur products and services.
Omline: October 1094 - Last update: January 2015




-~

2010

20066 CODATA RECOMMENDED VALUES OF THEFUNDAMENTAL
CONSTANTS OF PHYSICS AND CHEMISTRY NIST SP 959 (Auge/2608) uﬂ)me
Values from: P. J. Mohr, B. N. Taylor, and D. B. Newell, Rev. Mod. Phys. -868;633- PQM

€26084. and J. Phys. Chem. Ref. Data 8%-11+87(2008)T The number in parentheses is

the one-sigma (1 o) uncertainty in the last two digits of the given value.

~

Quantity Symbol Numerical value Unit

speed of light in vacuum c,co 299792458 (exact)  ms !

magnetic constant po  4m x 1077 (exact) N A2
electric constant 1/uqc? €0 8.854187817...x 10712 Fm!
Newtonian constant of gravitation G  6.67428¢6%) x 10~ 11 m3 kg~!s” 3?4 [ (\}
Planck constant h  6.62606896(33) x 10~3 Js 9¢ 7{11 \
h/2m B 1.054571698(63) x 10734 Js T4/ 7§
elementary charge e  1.60217648%=#6¥ x 10~ 1° S‘ 35
fine-structure constant e?/4mephic o 7.2973525876¢50% x 10~° L18[ L'lg

inverse fine-structure constant a~!  137.035999679(94) CT"”

Rydberg constant a®mec/2h Rs 10973 731.568 523 39 (ST)

Bohr radius a/4n R« ao  0.52917720860(369 x 1071 m lb?’l/[ﬂ)

Bohr magneton eh/2m, pp  927.400 9%5¢23) x 10~2¢ JT1! 68‘ 2 J

y
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CODATA recommended values of the fundamental physical
constants: 2010

Peter J. Mohr,T Barry N. Taylor,* and David B. Newell®
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8420, USA

(published 13 November 2012)

This paper gives the 2010 self-consistent set of values of the basic constants and conversion factors
of physics and chemistry recommended by the Committee on Data for Science and Technology
(CODATA) for international use. The 2010 adjustment takes into account the data considered
in the 2006 adjustment as well as the data that became available from 1 January 2007, after the
closing date of that adjustment, until 31 December 2010, the closing date of the new adjustment.
Further, it describes in detail the adjustment of the values of the constants, including the selection of
the final set of input data based on the results of least-squares analyses. The 2010 set replaces the
previously recommended 2006 CODATA set and may also be found on the World Wide Web at
physics.nist.gov/constants.

DOI: 10.1103/RevModPhys.84.1527 PACS numbers: 06.20Jr, 12.20.—m



Formation of CODATA

« 1966 —ICSU establishes the Committee
on Data for Science and Technology

(CODATA) \@5 ICSU

— To strengthen international science for the benefit

of society by promoting improved scientific and icsu.org
technical data management and use

« 1969 CODATA establishes the Task

Group on Fundamental Constants

— To periodically provide the scientific and
technological communities with a self-consistent
set of internationally recommended values of the

codata.org basic constants and conversion factors of

physics and chemistry based on all of the
relevant data available at a given point in time.
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Fundamental constants and the New SI

The fundamental constants are given in Sl units.

Changes in the Sl units will result in changes in the
constants.

It iIs expected that the Sl will be redefined in 2018 in terms
of fundamental constants.

The change in the Sl is motivated in part by problems with
maintaining the kilogram mass standard.
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Limitations of the current kilogram
prototype definition

The prototype definition is not linked to an unchanging
property of nature.

The mass of the international prototype appears to be
changing relative to the mass of its copies.

The prototype and its copies appear to gain mass over time
and lose mass when washed for use in comparisons.

The kilogram mass definition cannot be realized
Independently of the international prototype.






<«— official copies ( 3 of 6)

< international prototype

<«— official copies ( 3 of 6)




La Troisieme Vérification Périodique des Prototypes Nationaux du Kilogramme (1988-1992)
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La Troisieme Veérification Périodique des Prototypes Nationaux du Kilogramme (1988-1992)

cleaning and washing
A date of previous

"before | after 1St after 2nd Prototype cleaning and washing
0 R
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- B ‘
% Ki Sept / Oct 1957
i o 8(41) } 12 March 1965
O 43
o | o 32
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g —40 © 7
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-80

Fig. 2, — Change in mass Am observed after each cleaning and washing
of the international prototype #, its six official copies and prototype No. 25.



International System of Units (SI)

Sl base units and symbols

- meter m (length)

- kilogram kg (mass)

- second s (time)

- ampere A (electric current)

- kelvin K (thermodynamic temperature)
- mole mol (amount of substance)

- candela cd (luminous intensity)

* Some Sl derived units and symbols

- hertz Hz (frequency)

- newton N (force)

- joule J (energy)

- coulomb C (electric charge)

- volt V (electric potential difference)

* Non-Sl units and symbols

- electron volt eV (energy)
- unified atomic mass unit u (mass)



New Si

In the New SI, the fundamental constants, c, h, e, k, N,

v_, ... are given fixed numerical values.

Based on this definition, measurements can be made In
terms of Sl units.

The quantities represented by the traditional base units
can all be determined from this definition, even though
there is not a one-to-one correspondence between the
constants and the base units.

The traditional set of base units determines all the units
In the SI.

So assigning fixed values to the fundamental constants
c, h, e K, NA, V g o determines all the units in the SI.

The distinction between base units and other units is
unnecessary.



Bureau international des poids et mesures
International Bureau of Weights and Measures
(BIPM)

Organisation intergouvernementale
dont le siége est & Sévres, France

Convention du Métre
Traité

Metre Convention
Treaty
Intergovernmental Organization 1875

with headquarters located in Sévres, France

Conférence générale des poids et mesures
General Conference on Weights and Measures
Etats membres du BIPM (CG PH] Associés a la CGPM

BIPM's Member States Associates of the CGPM

Elle rassemble les délégués des Etats membres
et se réunit tous les quatre ans.

Consists of delegates fromm Member States
and meets every four years.

4 ¥

Comité international des poids et mesures
International committee for Weights and Measures

Organisations IC| PM] Comités consultatifs*

internationales et Comités communs
Il est constitué de dix-huit membres, élus a titre personnel par
la Conférence générale. Il est chargé de superviser le BIPM et ses activités,
IL se réunit tous les ans au siége du BIPM.

Consultative Committees*
and Joint Committees

International
Organizations

A Y
V4

Consists of eighteen individuals elected by the CGPM.
It is charged with the supervision of the BIPM and of its activities.
The CIPM meets annually at the BIPM’s headquarters.

wx | ' w A
| 2B | » N
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Laboratoires nationaux > Headquarters
de métrologie ‘ CIPM MRA®*
_ Direction, laboratoires JCRB**
National Metrology = et membres du personnel permanent du BIPM. =
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Direction, laboratories
and permanent staff members of the BIPM,




Organization Chart

CGPM
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CIPM BIPM

/
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CODATA Task Group on Fundamental Constants
IUPAP: International Union of Pure and Applied Physics
NMIs (NIM,, NIST, NMIJ, NPL, PTB)
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2.2 The SI in terms of seven defining constants

The international system of units, the S|, is the system of units in
which

the unperturbed ground state hyperfine splitting frequency of the
caesium 133 atom Av('¥Cs)ys is exactly 9 192 631 770 hertz,

the speed of light in vacuum c is exactly 299 792 458 metre per
second,

the Planck constant h is exactly 6.626 069 57 x10 * joule second,
the elementary charge e is exactly 1.602 176 565 =10 ¥ coulomb,

the Boltzmann constant k is exactly 1.380 648 8 x10 % joule per
kelvin,

the Avogadro constant Ny is exactly 6.022 141 29 x10% reciprocal
mole,

the luminous efficacy K.q of monochromatic radiation of frequency
540 x10' hertz is exactly 683 lumen per watt,

where the hertz. joule, coulomb, lumen, and watt, with unit symbols Hz. J, C.
Im, and W. respectively, are related to the units second, metre, kilogram.
ampere. kelvin, mole, and candela, with unit symbols s. m, kg. A. K. mol. and
cd. respectively, according to the relations Hz = s (for periodic phenomena).
J=kegm’s? C=As, Im=cdsr. and W=kgm’s™. The steradian, symbol
sr. 1s the SI unit of solid angle and is a special name and symbol for the
number 1. so that sc=m’m ™~ = 1.



Electrical measurements in the New SI

* Voltage: Josephson effect

1 2e
V KJ:—
KJ h

 Resistance: Quantum Hall effect

/
R ~ Rx Ry — —z
c
e Current:
VJ"
I = — oxe
R
V'V 1 h
e Power: P=1V =

(0.4 —
R  K2Rx 4
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Relation between the Avogadro constant N,
and the Planck constant h

* Rydberg constant definition:

2
I aA“Mmec ] a‘c

O ¢
2h Me 2h R

 unified atomic mass unit u:

me = Ar(e)u = — =
u

* Avagadro constant:

10~ kg/mol “c .
Ny = Y _ AL (e) ( e ) 10~ ke/mol

I u 2h R



"Silicon sphere for Avogadro project” by The Commonwealth Scientific
and Industrial Research Organisation of Australia - CSIRO.



Thermodynamic temperatures

ldeal gas thermometry
« Constant-volume gas thermometry (< 900 K)

PV = nN ,kT

The Boltzmann
constant, kK, Is

determined at the
Noise thermometry ( < 1300 K) triple point of

m water
Detector-based radiometry

- Total radiation thermometry (60 K to 400 K)

. Acoustic gas thermometry (< 900 K)

. Spectral radiation thermometry (900 K to > 3000 K)

48_—‘
OPTICAL TECHNOL




Quantity

International prototype of the kilogram

Permeability of free space
Permittivity of free space
Triple point of water
Molar mass of carbon-12
Planck constant
Elementary charge
Boltzmann constant
Avogadro constant

Molar gas constant
Faraday constant
Stefan-Boltzmann constant
Electron mass

Atomic mass unit

Mass of carbon-12
Josephson constant

von Klitzing constant
Fine-structure constant

E = mc® energy equivalent
E = hc/A energy equivalent
E = hv energy equivalent

E = kT energy equivalent

1J=1(C/e) eV energy equivalent

Symbol
m(K)

x:n ~—:R:

J—Hz

J—eV

Present Sl
u, x 10°

0
0
0
0
0
44

22
910
44
910
22
3600
44
44
44
22
0.32
0.32

910
22

New SI
u, x 10°

44
0.32
0.32
910
0.70
0

[ TR o R s [ o B o |

0.64
0.70
0.70

0.32

o o o o

From
D.Newell
(2014)



Unit Democracy

Base Units
Derived Units > Sl Units

Dimensionless Units
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CrossMark
Abstract
The International System of Units (SI) is supposed to be coherent. That 1s, when a combination
of units 1s replaced by an equivalent unit, there is no additional numerical factor. Here we
consider dimensionless units as defined in the SI, e.g. angular units like radians or steradians
and counting units like radioactive decays or molecules. We show that an incoherence may
arise when different units of this type are replaced by a single dimensionless unit, the unit
‘one’, and suggest how to properly include such units into the SI in order to remove the
incoherence. In particular, we argue that the radian is the appropriate coherent unit for angles
and that hertz is not a coherent unit in the SI. We also discuss how including angular and
counting units affects the fundamental constants.

doi:10.1088/0026-1394/52/1/40



Coherent units in the SI

2 .32

(2 kg) (3 111/:3)2 = ——kg m?s2=91]

kg m? s 2 =] (coherent)



Coherent units in the SI

1 1 2 . 32 .,
E = ‘—-m.fug =75 (2 kg) (3 111/:3)2 —— kg m? s =91]
kg m? s 2=17 (coherent)

1 Hz = 27 rad s~ ¢



Sl units

Table 3. Coherent derived units in the S| with special names and symbols

SI coherent derived unit '

Expressed Expressed
in terms of in terms of
Derived quantity Name Symbol other ST units Sl base units
plane angle radian rad 1 ® m/m
solid angle steradian "’ sr'” 19 m°/m’
frequency hertz Hz 5!
force newton N m kg s~
pressure, stress pascal Pa N/m? m~ kg s~
energy, work, Joule J N m m- kg 5™
amount of heat
power, radiant flux waftt W J/s m- kg s~
electric charge, coulomb C s A
amount of electricity
electric potential difference, volt V W/A m - kgs~ A™
electromotive force
capacitance farad F C/V m~= kg™ s* A°
alartric racictanca Ahm 0 /A 2 b e A2



Coherent units in the SI

1 1 2 . 32 .,
E = ‘—-m.fug =75 (2 kg) (3 111/:3)2 —— kg m? s =91]
kg m? s 2=17 (coherent)

1 Hz = 27 rad s~ ¢



Coherent units in the SI

1 1 2.3° .
E = ‘—-m.fug =75 (2 kg) (3 111/:3)2 —— ke m? s72 =91
kg m? s 2=17 (coherent)
1 Hz = 27 rad s !

1s ! = 27571



Coherent units in the SI

1 1 2 . 32 .,
E = ‘—-m.fug =75 (2 kg) (3 111/:3)2 —— kg m? s =91]
kg m? s 2=17 (coherent)

1 Hz = 27 rad s~ ¢

1s ! = 27571

1 = 2n (?)



cycles vs radians

cycles = 1 vs @ans ﬂ)

| £
e‘l’zl—{—m—}—E—}—...

e = cosy +isiny

e’ — eV where 6 = y rad

“rad” so that for one complete revolution, we have

0 =yrad = (y+27) rad =y rad = €'Y — e!(y2m) — oly

Elﬂ/’rad s elﬂ

ei(k;l!—wt}/rad kax—wt)

— el



Conseqguences for fundamental constants

Hz = cycles s # s71

E
E=hy = h=—=26.626...J Hz ! #£6.626.. J s

L/

E
E=ho = h=—=1.054... J/(rad s™") = 1.054... J s rad™*

o

— 1.054... J s
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MEETINGS

On the future revision of the Sl

Future revision of the Sl m

At its 25th meeting (Movember 2014) the CGPM adopted a Resolution
on the future revision of the International System of Units. This Resolution
built on the CGPWM's previous Resolution (2011), which took note of the
CIPM's intention to propose a revision of the S| and set out a detailed
road-map towards the future changes.

Ongoing work | Communication and debate; draft documents FAQs; More info.

q International
AL System of Units

In the "Mew SI” four of the 51 base units — namely the kilegram, the
ampere, the kelin and the mole — will be redefined in terms of
constants; the new definitions will be based on fixed numerical
values of the Planck constant (h), the elementary charge (2], the
Bolzmann constant (kg), and the Awvogadro constant (Na),
respectively. Further, the definitions of all seven base units of the 5l
will also be uniformly expressed using the explicit-constant
formulation, and specific mises en pratigus will be drawn up to explain
the realization of the definiions of each of the base units in a
practical way.

* 5 ruad—rrm.pIE (updated 2014)
® Resplution 1 of the CGPM (2014): On the future revision of the International System of Units, the Sl

# Resoplution 1 of the CGPM (2011); On the possible future revision of the International System of Units, the Si
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Conclusion

The redefinition of the SI will result in many fundamental constants being
either exact or having significantly smaller uncertainties.

A consistent treatment of coherent units in the Sl will lead to modified units
for some of the fundamental constants.
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