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Properties of

e artefacts

e substances

e and phenomena

can be measured & ..

Great Pyramid of Chephren
(built ~4600 years ago)
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Same quantity —
different units

T e

i
T

| BRAUNSCHWEIGER
Germany until the 19th century: 7 CM
— More than 40 different cubits

57.07 cm (Braunschweig) and 81 cm (Regensburg)




Same unit -
different value

In France
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Assure that measurements are
invariable by making use of a
standard borrowed from a
natural phenomenon, a universal

standard that will allow the
adhesion of all nations
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The French revolution, 1789
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James Clark Maxwell (1870):

Definitions of the units are no true invariants since “....the
_{l properties of our planet can change and it would still be
) our planet, but if the properties of an atom were to change

4| it would no longer be the same atom”

: Understand “atoms” = Quantum Mechanics!

Physikalisches Kolloquium Heidelberg, 31/01/2020




Physikalisch-Technische Reichsanstalt  EEPIB
The birthplace of Quantum Mechanics
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The discovery of quantum mechanics

[

Lo
B iy s

Physikalisches Kolloquium Heidelberg, 31/01/2020



, Physikalisch-Technische Bundesanstalt
Bra.unschweig and Bgrlin
National Metrology Institute

Linking the International System of
Units to Fundamental Constants

1. The international system of units: Si

Physikalisches Kolloquium Heidelberg, 31/01/2020



The International System of Units: Sl

BPIB

Established in 1960: CGPM e
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substance @4

temperature %
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The International System of Units: Sl

PIB

Base u n itS SI base unit

Symbol

Derived units with special names

Expressed Expressed
in terms of in terms of

DlmenSIOnS Of quantltles other SI units  SI base units

) 1(: mimj
-> A set of coherent Sl units § i

force newton N mkgs -
pressure, stress pascal Pa N/m? m™ kg s~
Derlved u n ItS energy, work,‘ joule J Nm m’kg s
amount of heat
power, radiant flux watt W J/s m’ kg §7
_ -1 electric charge, coulomb C s A
[V] - m S amount of electricity
electric potential difference, volt Vv W/A m’kgs™ A™
_ -3 electromotive force
[C] =m Ol m capacitance farad F /v m= kg st A
electric resistance ohm Q V/A m’kg s> A7
frequency hertz Hz s
force newton N m kg s~
Hiduvialrice HCTIL Y I'T LAl UfA | AL IXE s
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The International System of Units: Sl

Base units

Derived units

Dimensions of quantities

- A set of coherent Sl units

e » A global measurement infrastructure
T A > V/altdnaioyldf vigele from an LED
of Units S I » CO, concentration in the air
o Creatinine concentration in blood serum
 Dose equivalent outside nuclear reactors

intergouvemenmentale
nnnnnnnnnnn

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



PIB

The International System of Units: Sl

B Vember participating in the CIPM MRA
Associate participating in the CIPM MRA

A > A global measurement infrastructure
sl > Valid world wide: CIPM-MRA signed by

The International

of Uit S I M -3 07.6 % of the world econnmy
,,,,,,,,, il -> 7 he cornerstone of international
quahty infrastructure (QI)

National Metrology Institute

intergouvemenmentale
uuuuuuuuuuuuu

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin



Quantities and measurement units

number

Value of a ¢ / unit

quantity |2 0 QIR ™ refact
M= 101Ky € [

t= 55.4(1)s
Av g”Cs)hfS = 9192631770 s
Constant 1 o= 9192631770 o2
of nature AV (E8Cs)..

Define a unit by fixing the numerical value of a constant of nature

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



m, = 1/% =2.17-10"°kg

dr
un
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m,c’

T, =1.41-10%K

von Max Planck.

eveniiber diirfte es nicht ohne Interesse sein
bemerken, dass mit Zuhiilfenahme der beide

...with the help of fundamental constants we have

the possibility of establishing units of length,
time, mass, and temperature, which necessarily

retain their validity for all times and civilisations, §

even extraterrestrial and nonhuman...
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SI International
System of Units iy A

A consistent |
and coherent set

based on our present understandmg of nature



Revised International System of Units

PIB

A concept improved fundamentally!

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Revised International System of Units

A concept improved fundamentally!

s

» Guarantees long-time stability
& cxants

» A set of “defining constants”

R establish the units in general
O
O

s 50

L

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Watt balance or “Kibble” balanc
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The Silicon Route: Avegadro Collaboration
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The Slllcon Route hlgh tech and innovation
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i "1e most preuse measurement in chemlstry
[ » The most advanced surface technologles \\
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‘e The most advanced length mterferometer
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Revised International System of Units

6.8 6.9

e Consistent

e Two: < 2-10°%
e Five: <5.108

7.0 7.1 7.2
| I
e Inconsistent -
| @ | - XRCD IAC-11
Uper(h, NA) = 1.0 - 107° FH—e—4+1 XRCD IAC-15
‘ | | ® | KB NIST-15
OIML R111 for E1: 8,3-10° Wy d B kb RREAT
<4 XRCD 1AC-17
_ H—e&—H  XRCD NMILJ-17
_ ko CODATA-17
» Two different methods | |
7.0 7.1 7.2

[h/(1073* Js) — 6.6260] x 105




Revised International System of Units

BPIB

A concept improved fundamentally!

; » Guarantees long-time stability
\)(\\’[S

» A set of “defining constants”

be:'\\gggts g establish the units in general
> é > Different realisations
> Realf@4SOmRVSANISaI: [esisrretiop

e Atomic masses

959

“De Broglie” “Photon recoll”



Revised International System of Units  BEPTR

Guarantees long-time stability

. >
\)(\\ts » Aset c_)f “defining c_onstants”
bgz\\gggts é establish the units in general

uﬁ éé > Different realisations
v v > Realisation everywhere (Universe...)
@éb»e » Throughout the entire scale

» Acoustic gas thermometry
 Dielectric constant gas thermometry

1 * Doppler thermometry
E=—k T * Noise thermometry
2  Radiation thermometry

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



PIB

Revised International System of Units

6.4 6.5 6.6 6.7
,L| PN « 2 independent methods: < 3-10°
| ° | AGT NIST-88(Ar)
| o | AGT LNE-09(He)
| ° : AGT NPL-10(Ar)
—e— | AGT LNE-11(Ar)
—e— AGT LNE-15(He)
—e—| AGT INRIM-15(He)
o AGT LNE-17(He)
—c— AGT NPL-17(Ar)
— e ] DCGT PTB-17(He)
o o | ° | AGT NIM-17
- H—a———H JNT NIM/NIST-17
urel (k):3_7,10—7 |-o-|I CODAITA—17
‘ 6.4 6.5 6.6 6.7
[k/(107**J /K) — 1.380] x 10*

CODATA 2017




Revised International System of Units

BPIB

A concept improved fundamentally!

» Guarantees long-time stability

» A set of “defining constants”
establish the units in general
Different realisations
Realisation everywhere (Universe...)

(\\’(S

&\\'\\ng
e(\g,\.ant,g

Throughout the entire scale
Electrical units are back in the S|

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Revised International System of Units

BPIB

A concept improved fundamentally!

» Guarantees long-time stability

\)(\'\"ts

u Different realisations

tant
s 58
v v > Realisation everywhere (Universe...)
Qabe » Throughout the entire scale
@B » Electrical units are back in the S

>

>

» A set of “defining constants”
establish the units in general

Base units are only a convention

h
R = oot att Hiiace
k= 2enpen %ﬁ?]y}%fm%@

Innovation: research & industry

* QHingraphene, QHE in topological insulators



Commercial Watt balance: Planck Balance g PIB

Commercial Kibble Balances

Wv

“self-calibrating”

high precision

industrial application: E1, E2
“off-the-shelve” components
connected to the |oT

TECHNISCHE"
UNIVERSITAT

ILMENAU

'\{DI 'VDE||

Version Mass range MPE U, £ 1/3-MPE | Environment
OIML R111-1 k=2

PB 2 (E2) 1 mg...100 g 16-107 5.3:107 Air

PB 1 (E1) 1 mg...1 kg 5107 1.7-10”7 High Vacuum

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin

National Metrology Institute

Bundesministerium
fiir Bildung
und Forschung




Revised International System of Units

BPIB

A concept improved fundamentally!
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5 55

O

e Commercial Watt balance
e Johnson noise thermometry

YV V V V VYV VY

* Single Electron Tunneling devices

Guarantees long-time stability

A set of “defining constants™
establish the units in general

Different realisations
Realisation everywhere (Universe...)

Throughout the entire scale
Electrical units are back in the S
Base units are only a convention
Innovation: research & industry

* QHingraphene, QHE in topological insulators



Single Electron Tunneling devices

Self-referenced noise-free electrical current

single-electron
detection

single-electron

pump Future applications

- Shot-noise-free electronics

- Quantum (spin)electronics
- Photonic technologies
- Quantum information

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Revised International System of Units

BPIB

A concept improved fundamentally!
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e Commercial Watt balance
e Johnson noise thermometry

YV V V V VYV VY

* Single Electron Tunneling devices

Guarantees long-time stability

A set of “defining constants™
establish the units in general

Different realisations
Realisation everywhere (Universe...)

Throughout the entire scale
Electrical units are back in the S
Base units are only a convention
Innovation: research & industry

* QHingraphene, QHE in topological insulators



Revised International System of Units

T3

Tremendous benefits: | A concept improved fundamentally!

Cco
» Guarantees long-time stability

s

O g
:gz\\gggts é
B °H
i
a “huge” change... i

Y

but “no” change!

Ok |

te " Ensure continuity, harmonization, stability

A set of “defining constants™
establish the units in general

Different realisations

Realisation everywhere (Universe...)
Throughout the entire scale

Electrical units are back in the SI

Base units are only a convention
Innovation: research & industry
Better experiment => better realization




SI}'InternationaI '
System of Units

THE DEFINING CONSTANTS OF THE INTERNATIONAL SYSTEM OF UNITS

Defining constant Symbol Numerical value Unit
hyperfine transition
frequency of Cs Avcs 9192631770 Hz

speed of light in vacuum c 299 792458 ms”
Planck constant* h 6.62607015 x10~*  J Hz™!

elementary charge” e 1.602176634 x107'? C
Boltzmann constant® k 1.380649 x10~% 3 K
Avogadro constant® Na 6.022 14076 x10% mol !
luminous efficacy Kea 683 lm W-!

*These numbers are from the CODATA 2017 special adjustment. They were
calculated from data available before the 1% of July 2017.




26th CGPM Meeting, Versailles, 16.11.18 EEPIB

A historic event!

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute
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SIInternationaI
System of Units

® And what
about the
second?

For. all t mes and *..u‘}tu re es
Throughout the"Umverse
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About

the future of time

EPB

10

LY
N

[
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Relative Uncertainty

WY
OI

-18

10

10

Essen's clock B-CSZ (1985):

B of the

B Microwave Standards

1960 1970 1980 1990 2000 2010 Jahr

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
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figure from F. Riehle,
Frequency Standards, Wiley-VCH

- 3 orthogonal pairs of counter-propagating
laser beams

- a spherical quadrupole magnetic field
(pair of anti-Helmholtz coils)

— harmonic potential for trapping the atoms - Atomic fountain clock

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute




About the future of time

Essen's clock
L]

=
o

[EEY
O 1
1

= How to reduce uncertainty further?

Cs-based redefinition

=  Higher frequencies = frequency comb
e Longer interrogation times => traps

LY
N

[HEY
OI
1

H N
*=> frequency comb

[EEY
OI

v=9.2 GHz

=
(9)]
I

Relative Uncertainty
[N
o

B Microwave Standards

18 L l - L - L - L : ' :
1960 1970 1980 1990 2000 2010 Jahr

10

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute



Traps for clocks

 Large number of atoms (n ~ 103 - 109
— High stability

» Uses RF-quadrupole-fields
* trap with electric fields

« Optical lattice — Strong confinement — Charged particles interact

» “Magic” Wavelength
— Suppress frequency shift of
clock transition

strongly with environment JSSS

bel Fo nda-ﬁ"bn é.}chi\./e
* large trap depth: Wolfgang Paul
1913 -1993

Nobel prize 1989

— storage times: days/months

Ponderomotive Potential

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute







Traps for clocks

Atom traps

 Large number of atoms (n ~ 103 - 109
— High stability

Multi-ion traps 1 Yb*ion

Coulomb crystal of 37 Yb* ions

 Optical lattice — Strong confinement
» “Magic” Wavelength
— Suppress frequency shift of
clock transition Segmented multi-ion traps: >100 ions

Further challenges: |

“manipulate and measure a many- X

ST ., 2\
body quantum system

. EC
o :\) “"\‘:\ \ __"

-> Entangled ions in multi-ion traps...

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



About the future of time at PTB

Optical clocks

= _here: single ion

- Systematic uncertamty 2. 7><1O e

How to connect the clocks?



I .
About the future of time EEPIB
Brillouin amplification supportsccuracy in optical frequency transfer over

1400 km of underground fibre

Sebastian M. F. Raupach,!>* Andreas Koczwara,! and Gesine Grosche!

! Physikalisch- Technische Bundesanstalt (PTB), Bundesallee 100, D-38116 Braunschweig, Germany
(Dated: March 20, 2015)

Helgoland
G=0]

St. Peter Ording

NPL
green: in operation m PTB
yellow: commissioning \ Sy
| KIT
red: planned O .
OBSPARIS =&/ ® MPQ

NIST (J. Ye): first laser: air link: ~10:° demonstrated!
~ First agreement of two very. distant clocks '

with 4.7-10:17 1" = world record!



About the future of time

10 Essen's clock jodine-stabilized He-Ne

.E 10_12 i Cs t:lsed redefinition of the seco v = 500 THz
8

8 B N

c

D 10"

~

% I v=9.2 GHz

O -16 L

x 10

B Microwave Standards
@® Optical Standards

-18 . ] ) l R ] ) L . ] A
1960 1970 1980 1990 2000 2010

10

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute



About the future of time

10| Essen's clock @icdines

1 10 [ ®

— |

g 1 Cs-based redefinition of the second
1% 10T =

N

% H N

c ]
1( St 10 14 |

@

=t

©

-0 L -16 |
108} 10

@®Op

22 | -18 . l . ] ; ] . ] . l

10 10 1960 1970 1980 1990 200C

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute



About the future of time

e Search for dark matter

.

Difference in clock reading

—_— —

1/vg Time

© Derevianko et al. (2014). Nature Physics 10, 933-936.

log o d/km
3 4 ) 6 7
—14

—16

IUE_), 10 5(}'}(}'

T < 09 hl' 1 Weislo et al. (2(]]8)
12 hr Weislo el al. (2016)
1hr
10 hr m=== } This work
45 hr ===
el T | PR | MR | P

1 2 3 4
logl[) Tint/s

|
—
=1

Search for transient variations of the fine structure constant
and dark matter using fiber-linked optical atomic clocks

BE. M. Roberts,)* P. Delva,! A, Al-Masoudi,? A, Amy-Klein,* C. Barentsen,! C. F. A, Baynham,? E. Benkler ?
5. Bilieki,! W, Bowden,® E. Cantin,»® E. A, Curtis,* 5. Ditrscher.® F. Frank.! P. Gill,* R, M. Godun? G, Grosche,?
A. Hees,! 1. . Hill4 R. Hobson,d N. Huntema J. Kronjaeger* S. Koke.2 A. Kuhl.? R. Lange,? T. Legero,?
B. Lipphardt,? C. Lisdat,® J. Lodewyck,! O. Lopez,® H. S. Margolis,* H. Alvaroz-Martinez, > F. Meynadier, - #

F. Ozimek.* E. Peik.? P-E. Pottie,' N. Quintin,” R. Schwarz.? C. Sanner.® T ML Schioppo.* A. Silva,
U. Sterr,? Chr. Tamm.? R. Le Targat,! P. Tuckev,! G. Vallet,! T, Waterholter.? D. Xu.! and P. Wolf'++
YSYRTE, Observatoire de Parvis, Umwersité PSL, CNRS,

Sorbonme Université, LNk, 61 avenue de UObservatoire, 75014 Paris, France
2 Physikalisch- Technische Bundesanstalt, Bundesallee 100, 38116 Braunschwe ig, Cermany

3 Laboraloire de Physique des Lasers, Université Paris 138, Sorbonne Paris
Cité, CNRS. 99 Avenue Jean-Bapliste Clément, 93430 Villetaneuse, Franee
A National Physical Laboratory, Hampton Road, Teddington TW11 0LW, United Kingdow
58eccidn de Hova, Real Instituto y Observatorio de la Armada, San Fernando, Spain
® Bureau International des Poids et Mesures, BIPM, Pavillon de Breteuil, 92312 Sévres, France
"Résean National de télécommunications pour la Technologie,
U'Enscignement ef lo Recherche, 23-25 Rue Daviel, 75013 Paris. France

(Dated:  May 21, 2019)

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin

National Metrology Institute



About the future of time

B B
101 -
v=9.2GHz Cs fountain clocks

107°F

B Microwave Standards

® Optical Standards
10—18‘. . ] . ] ) ] R ] . ]

1960 1970 1980 1990 2000 2010
102°F — e Geodesy: 10 pum; now: 1 cm!

. Ye,

prummsiinaing  Scarch for dark matter

102k e Lorentz invariance,....

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute



About the future of time

e Lorentz invariance,....

0]

Normalized
spectral power
D A~ O

Lorentz-symmetry for electrons

* Frequency comparison over more than 1000 h.
* No relative change for periods of few min - 80 h.

- relative frequency deviation: < 3 x 1018

20 40 60 80
Period (h)

Ch. Sanner, N. Huntemann, R. Lange, Ch.
Tamm, E. Peik, Marianna S. Safronova, S. G.
Porsev

204 | NATURE|VOL567|

14 MARCH2019

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin

National Metrology Institute



PIB

About the future of time

gravitational

i . wave
A°rocdode T gatelite A |
"
I” beamsplitter
laser A | =-PNE=== 5 s ﬁﬂ'—:‘%
ti *i A h )
1 il
1 Il mirror
lattice i} =
retro mirror:i h 4 from satellite B
Sr atoms t vy ":E._.:._. .......
in lattice it steering = o satellite B
*-' *:.._—% mirror | B
lattice 5
light free _ ' .
mass A photodiode 2, :

 Are the constants constant?

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute

e Gravitational wave detection
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Are the constants constant?

Ldp —17 ld_a — —18
— i —1.2(5.8) x 10717 /yr T 2.3(2.8) x 107 "% /yr
Al'/Hg" Yb E3/SrYb" E3/E2
NIST PTE PTB Yb" E3/Cs

PTB

Yb" E2/Cs
PTB

Sr/Cs
PTB

N

¥ Increase sensitivity f

1/u dy/dt (10"/yr)
o

|b)
@)

a

82

Q=—
drteghc

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut



W/
Are the constants constant? Bz PIB
229.|_h2+ +229m.|.h2+
Nuclear Transition =R « | HFS Resonances:
S e » | * Nuclear ground state
T o QT CI, * Isomeric state
3 G 24
@ B S
i P d
§ Y
: .f
1 Bt Wy )
© Dillmann, JGU Mainz : uwl T T T T T T lr‘l .. U“IIH
0 1 2 :: 4

Af/f ~ 102
Aa/or < 10720 /a

Enhancement: 0...10 000

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute

Frequency detuning at 1164 nm (GHz)

 First optical detection of the ISomer

o Nuclear moments of the iIsomer

o Charge radius of the Isomer:




PIB

Are the constants constant?

Highly Charged lons

Nuclear Transitio

7 " ”\l? 2 A
- T A N
L2 .,,:‘ / ) - "':i:::lk- A
£ . I\
h Vs
\ .
\ |

© Dillmann, JGU Mainz

Af/f ~ 1019
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Highly Charged lons: Optical Transitions EEPIB

linewidth:
320 Hz,
Fourier- -
limited

Quantum logic spectroscop\

g
X3

b 0.2¢
recoll
3 . 0.1}
.: A r 13+ | r 203600

Arid+. .~ Be? MPIK — PTB
.clock ion“ ,logic ion“ | collaboration

Nobel Price 2012: Dave Wineland & Serge Haroche

“for ground-breaking experimental methods to mani-
pulate and mvestigate individual quantum systems™



History of Art3* Frequency MeasurementsEgPIB
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Spectroscopy of
highly-charged ions

Explore fundamental
guestions of physics

Build a better clock?
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u new Penning trap

L. measurement [S.
.-e Sturm et al. (MPIK), to
be published]
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