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Some early highlights
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Some early highlights
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The Metre Convention
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The Metre Convention

CGPM 'General Conference of Welghts and Measures K.

,-r""‘.*

_ CIPM: International Committee of f Weights and Measures
- BIPM: International Bureau of Weights and Measures

e T T

| ‘ﬁ CCs: Consultative Committees

CCU: Consultative Committee for Units

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



CCU: Consultative Committee for Units EEP[B

1st meeting of the CCU (1967)

| * provide advice about units of measurement

| * develop the International System of Units (Sl)
f * prepare the SI Brochure
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substance @l

temperature electric current

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute




The International System of Units: Sl

PIB

Base u n its SI base unit

Expressed Expressed
L] L] mgn in terms of in terms of
DlmenS|OnS Of quantltles | other SI units  SI base units

1 ® m/m
-> A set of coherent Sl units e

force newton N mkgs -
pressure, stress pascal Pa N/m? m~ kg g
Derived M its energy, work, joule J Nm m°kg s
amount of heat
power, radiant flux watt W J/s m’ kg §3
-1 electric charge, coulomb C s A
[V] =m S amount of electricity
electric potential difference, volt A% W/A m’kg s> A
_ _3 electromotive force
[C] =Mm OI m capacitance farad F C/V m > kg s* A
electric resistance ohm Q V/A m’ kg s A~
frequency hertz Hz g!
force newton N m kg s
TNAUCTATCT TTenTy 5! WO A | AN N |

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Base units
Derived units

Dimensions of quantities

- A set of coherent Sl units

(oxa » A global measurement infrastructure
TR > Vhitdnwioylof Wadlefrom an LED
of Units S I » CO, concentration in the air
» Creatinine concentration in blood serum
* Dose equivalent outside nuclear reactors

intergouverementaie

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Le Systéme
international d'unités
The International

System
of Units

intergouverementaie

I Member participating in the CIPM MRA
I Associate participating in the CIPM MRA

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

il -> he corierstone of international
quality infrastructure {Qij

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute
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Physical Units based on Fundamental

Constants — Changing with Time?

2. Motivation for revision of the SI
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Quantities and Measurement Units

Measurement units number
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AV (133Cs)ys = 9192631 770. 54655

constant _ D HERl 10
of nature Av (133Cs), ..

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

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute
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triggering a revolution
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P18

— The QHE has revolutlonlsed electrlcal metrology

'9_‘-_

- with tremendous effects: mdustry & innovation

ml Josephson arbitrary wave
Chip form analyser -
N QH in graphene at low B-fields | e -

The International System of Units: Sl
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substance Ws

|solated iIsolated

material property Quantum Effects
temperature # f\, electr. current

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute




The International System of Units: Sl

PIB

Intensity A ..not an ideal

situation!

substance s

A
temperature /\, electr. current

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute




...not an ideal
situation!

amount of ﬁ tremendous
benefits of

Built a coherent and consistent quantum-based system of units



- 1900. N1,

ANNALEN DER PHYSIK.

VIERTE FOLGE. BAND 1.

— —

irreversible Strahlungsvorginge;
von Max Planck.

Dem gegeniiber diirfte es nicht ohne Interesse sein zu
bemerken, dass mit Zuhiilfenahme der beiden in dem Aus-

ﬂ_:l ...with the help of fundamental constants we have j
Ze the possibility of establishing units of length,
spi fime, mass, and temperature, which necessarily
=5 retain their validity for all times and civilisations,

i even extraterrestrial and nonhuman...

| E= EA=
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SI International
System of Units

A consistent
and coherent set

based on our present understandlng ‘of nature




Revised International System of Units

A concept improved fundamentally!

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute




Revised International System of Units  EEPTR

» Guarantees long-time stability

0(\'\’;3

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

soats )
9 S

NS

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute
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The Silicon Route: Avogadro Collaboration

— ..count the number of atoms in
a crystal sphere of enriched 28Si
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Deviation in sphere radius: 16 nm (peak to valley)




The Silicon Route hlgh tech and innovation

. The most premsae measurement in chemlstry
~+ The most advanced surface technologles
e The most advanced length interferometers




The Silicon Route hlgh tech and innovation

- TR N s
Commercial Kibble Balances % a A 'VD'WDE '
« “self-calibrating”
high precision
industrial application: E1, E2
“off-the-shelve” components
= o connected to the IoT

=

Version Mass range MPE U, <1/3-MPE | Environment
OIML R111-1 k=2
. The most premse measurement in chemlstry
» The most advanced surface technologles A\

e The most advanced length mterferometers




Revised International System of Units  EEPIB

A concept improved fundamentally!

» Guarantees long-time stability

\)"(\\ts > A set of “defining constants”
& establish the units in general

Sning
O(\g\ants
© % > Different realisations
> RealfS&ﬁB'ﬁWEFWﬁéfé" [ErficRIFsation
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“De Broglie” “Photon recoil”
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Revised International System of Units  EEPIB

A !
\ L
i SRT
Noise o
See also: Qu et al., \ //
| Metrologia 52 242, 2015 fg;(/
<UZ(7:I-'1’,O'I‘)>t ~ 4 RkgT Af ‘ !

2 AGT ., re 90al: new project at PTB

triggers innovation
WEHEEVAS commercialize...!?

Uncertainty / mK

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Revised International System of Units

EPTB

A concept improved fundamentally!

» Guarantees long-time stability
> A set of “defining constants”
establish the units in general

n é Different realisations

(\\’tS

“Tg gt
n
0.{\‘5 S

—ﬁ ~258130Q < R,
e

Base units are only a convention

[

>
> Realisation everywhere (Universe...)
6 bg » Throughout the entire scale
p > Innovation: research & industry
>
>

Electric units are “back in the SI”

e
G SABIWCHIT = Ko connected by the

: equations of physics i



Revised International System of Units

EPIB
Tremendous benefits: | A concept improved fundamentally!

» Guarantees long-time stability

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

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

Base units are only a convention

a “huge” change...
but “no” change!

datedtor

Electric units are “back in the SI”

>

>

>

> Innovation: research & industry
>

>

> Better experiment = better realization
=

...towards quantum electronics!!! y




Revised International System of Units

BPTB

Establish the constants A concept improved fundamentally!

>

@ >

(\\’tS

““Qg o
n
o.{\% S

Guarantees long-time stability

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

> Different realisations
a é > Realisation everywhere (Universe...)
6 bg » Throughout the entire scale
p > Innovation: research & industry
G » Base units are only a convention
] (e=5200" » Electric units are “back in the SI”
CODATA 2017 > Better experiment - better realization

Ensure continuity, harmonization, stability



Goal:

Measure the Boltzmann-
constant k with an
uncertainty

L Ehu(k) < 3 ppm

Experiment:
Determination of the Boltzmann-constant

by measuring pressure, temperature
and change of electric capacity

.:\.. o—@
.-/":-"\-
k"

1D C(p)

+ + + + + + +

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin

National Metrology Institute



SI International
System of Units
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Ideal for testlng unlt less constant'
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Ideal for testlng unlt less constant'
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Are the constants constant? EEPIB

Balmer-
series

fine-structure constant (cgs) -

o 27 €2
" he

. Arnold Sommerfeld
energy levels in hydrogen

o i)

W+h? e (n+ n




Are the constants constant?

Optical clocks

{

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute




Are the constants constant?

Optical clocks .
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Are the constants constant?

JErau nschweig

NECETER Berlin }

o '.,-'- o I

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)

\L{m\i

Kehl/Strasbourg

First agreement of two very distant clocks
with 4.710-'7 ! - world record!




Are the constants constant?

‘Erau nsclﬁiweng

Niederlande Berlin 1

Brillouin amplification supports @ hccuracy 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)

Pl
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Are the constants constant? EEPIB

Nuclear Transition Highly Charged lons

- = " n J 0 | R ,‘
A\ LAY
Y fi A'R
[y Ve { |
|

Af/f ~10-13
Ao/a <1020 /a

Af/f ~10-19
Ao/a <1020 [a

Enhancement: ~< 100

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute

Enhancement: 0...10 000




22Th: Nuclear clock & fundamental tests EEPIB

Th-229 has an isomeric state at about 8 eV

Excitation energy.
« Bridge between atomic and nuclear physics
» Reference for an ultra-precise optical clock

» Unique properties for fundamental tests with
clocks (Standard Model, strong interaction)

229mTh |somer

Laser spectroscopic characterization of  3*[631] mm—
2

h
. 229m
the nuclear-clock isomer Th
Johannes Thielking, Maxim V. Okhapkin, Przemystaw Gtowacki, David M. Meier, Lars von der Wense, AE:7-8(5) ev
Benedict Seiferle, Christoph E. Diillmann, Peter G. Thirolf & Ekkehard Peik B M1 transition
T=1000 s

56_. 321-325 (2018 Received: 15 September 2017 “:0_360(7) Ly

doi:10.1038/541586-018-0011-8 Accepted: 13 February 2018 Q=3.11(6] %1028 g-m?2

Download Citation Published online: 18 April 2018 g + (633] 4 t1f2=7917(24) yr (c-decay)

229Th Ground State

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



229Th: Nuclear clock & fundamental tests

Cooperation between PTB, LMU Minchen,

Uni Mainz und GSI:

Laser hyperfine spectroscopy of trapped
229Th2+ recoil ions from the a-decay of 233U.

* First optical detection of the isomer

* Nuclear moments of the isomer

» Charge radius of the isomer

Th-229 Quelle und lonenfalle ‘ Lasersysteme

229Th2+ +229m_|.h2+
5 Yo l
s 197 s S
— ] 1 T o
L 7 & 3 7
@ & d J 9 HFS Resonances:
2 &y e — Nuclear ground state
g Wy IiE Low i  Isomeric state
5 ' bRl
3 {
Hias I s J *
L
‘.
. e e '-'::)_{{1 ‘,.vx{ o LF' %
1 E‘. F l : ® ri -‘::"-’J*...‘!F-Il:
- Rt !
I T T T T T
0 1 2 3 4

Frequency detuning at 1164 nm (GHz)

PIB

229mTh |somer

%+ [631] memmmmmmmm 11=-0.37(6) 1y
Q=1.74(6)x1028 e-m?

AE=7.8(5) eV
M1 transition
T =1000 s

1=0.360(7) w,

Q=3.11(6) x1028 e-m?

' [633] w— t1/2=7917(24) yr (a-decay)
229Th Ground State

N lun

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin

National Metrology Institute



Are the constants constant? EEPIB

Ilﬂw 3a) Highly Charged lons

Afff  ~10-1°
Aa/a <1020 /a

Enhancement: ~< 100

.G Berengut et. al.PRA 86 022517 (2012) National Metrology Institute

Energy

4p «— Charge state —= 4P




Highly charged ions: Optical transitions E2PIB

A « EBIT: HCI production
> at MK temperatures

Paul trap: Crystallization
Beamline: Deceleration and and cooling of HCls to

pre-cooling of HCI bunches mK temperatures

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



SI International
System of Units

Guaranteelng
- long-time stablllty
- realization everywhere

Coming in force: World Metrology Day 2019

- thus triggering innovation in science, industry and technology




The Future of the Second E2PIB

10 Essen's clock iodine-stabilized He-Ne

.E 10_12 i Cs I::sed redefinition of the seco v = 500 THz
&

8 B N

-

D 10—14 n

2

'c..—B- I v =9.2 GHz

© 16 |

< 10

B Microwave Standards
® Optical Standards

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

10

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



The Future of the Second E2PIB

1 Essen's clock iodine-stybilized He-Ne
10 [ ® -
0 o
.E." Cs-based redefinition of the second
£ 10T a
4=
()
@)
T =T
10%0F 107
- ?)/' * Gravitational wave detection
. .................
102k 1072 — « Geodesy: 10 ym
B - Lorentz Invariance,.... .

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute
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Are the Constants Constant? EEPIB

Nuclear Transition Highly Charged lons

\\' A I
73 .\ ._
A i |
\ ! |
\ |

Berlyllium ion crystal

Laser spectroscopic characterization of Coulomb crystallization of highly charged
the nuclear-clock isomer 22°™Th Ions

Next goals:
 Quantum logic spectroscopy: Ar'3*

 Absolute frequency at a resolution
close to the natural linewidth (16 Hz)

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



HCI yield on 2" detector

|lectrode on ||
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Next goals (PTB): ,
. icker electrode
- Quantum logic spectroscopy on Ar'¥*-fine structure SRkl

- Absolute frequency measurement with a resolution | |
close to the natural linewidth (16 Hz) ':ff:;‘;ztrat'c




Are the constants constant?

- Sm iéoelectfonic seciuence 1 f/f ~ 0'1 9
| @ Aflf ~1
K}; Tes e ﬂ

. Aala < 10-20

T | -, [transitions
-400 __ h h \ ; :
| ] ' i g~ M0 M0 ) Hy' g~ 5220 en
-300 o | T

bvianko.” and V. V. Flambaum'

ARTICLE

Aa/o <1020

Direct detection of the %2°Th nuclear
clock transition

Lars von der Wense!, Benedict Seiferle!, Mustapha Laatiaoui®?, Jiirgen B. Neumayr!, Hans-Jérg Maier!, Hans-Friedrich Wirth!,
Christoph Mokry>4, Jorg Runke?4, Klaus Eberhardt>4, Christoph E. Diillmann®?4, Norbert G. Trautmann* & Peter G. Thirolf!




Are the constants constant?

- Sm iéoelectfonic seciuence 1 f/f ~ 0'1 9
| @ Aflf ~1
K}; Tes e ﬂ

. Aala < 10-20

T transitions
= 300 L h“-,.“ | g LA 86 054500 (2012)
0N
“I g ) Hg-RWen’
e g m 7 ' ?j? T -
Z bvianko,” and V. V. Flambaum'
clack I

ARTICL

Aa/o <1020

Direct detection of the %2°Th nuclear
clock transition

Lars von der Wense!, Benedict Seiferle!, Mustapha Laatiaoui®?, Jiirgen B. Neumayr!, Hans-Jérg Maier!, Hans-Friedrich Wirth!,
Christoph Mokry>4, Jorg Runke?4, Klaus Eberhardt>4, Christoph E. Diillmann®?4, Norbert G. Trautmann* & Peter G. Thirolf!
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| Cooled nghly Charged Ions BEPIR

B Rl B ¥ IHE-#
— A cryogenic trap for cold hlghly charged ions =

-
”_/
F ]

34 um
—

\ ey

— achromatic optics: imaging 1 - 10%ions




Cooled Highly Charged lons EEPIB

A cryogenic trap for cold highly charged ions

REVIEW OF SCIENTIFIC INSTRUMENTS 83, 083115 (2012)

Cryogenic linear Paul trap for cold highly charged ion experiments

? 0. O. Versolato,'? A. Windberger,' F. R. Brunner,! T. Ballance,’
_N. Eberle,' J. Ullrich,"® P. O. Schmidt,>* A. K. Hansen,® A. D. Gingell,> M. Drewsen,®

and J. R. Crespo Lopez-Urrutia’

'Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

2University of Groningen, Kernfysisch Versneller Instituut, NL-9747 AA Groningen, The Netherlands
*Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany

*Institut fiir Quantenoptik, Leibniz Universitit Hannover, Welfengarten 1, 30167 Hannover, Germany
3 Department of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark




Cooled Highly Charged lons EEPIB

Coulomb crystals of Be cooling / logic ion

gas-liquid crystallized

few ions

small
ensembles

Physikalisch-Technische Bundesanstalt B Braunschweig and Ber National Metrology Institute



Cooled Highly Charged lons

Coulomb crystals of Be cooling / logic ion

o %
y .'N" :

gas-liquid crystallized

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute

few ions

small
ensembles
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SI International
System of Units

Guaranteelng
- long-time stablllty
- realization everywhere

Coming in force: World Metrology Day 2019
Awareness rising Task Group established




/\G )
The Future of the Second EEPIB
Brillouin amplification supportccuracy 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
m=m]
St. Peter Ording

green: in operation
yellow: commissioning

red: planned

NIST (J.Ye): first laser air link: ~10-1® demonstrated!

First agreement of two very distant clocks
with 4.710"" ! > world record!
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light absofption from distant quasars:
(Keck, Hawaii, and later VLT, Chile, telescope datd)




light absofption from distant quasars:
(Keck, Hawaii, and later VLT, Chile, telescope datd)
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Are the FCs changing with time? EEPIB

Triggered quite some theory...

1

&/ aliap = 1.35 % 1071® cosypy L,

Berengut and Flambaum
EPL 97 (2012) 2006

cos ¥ ~0.07. ~1 0-19 y-1

) :
.- 1.4 x 10720 coswt
(8%

Yearly variation

'4

dIn o
dt

(=7.34+4.5)-1071% yr!

ARTICLE

| clock transition

[ ] @ Yo E3/Cs

doi:10.1038/naturel7669

1 Direct detection of the #2°Th nuclear

Lars von der Wense!, Benedict Seiferle!, Mustapha Laatiaoui®?, Jiirgen B. Neumavr!, Hans-Jérg Maier!, Hans-Friedrich Wirth!,

Christoph Mokry*4, J6rg Runke?4, Klaus Eberhardt®#, Christoph E. Diillmann?34, Norbert G. Trautmann* & Peter G. Thirolf!

ol




Joint CCM & CCU roadmap to 2018

i * * Redefinition
com @ocu :
i ‘B EEER %.FP@ | !
- _ oY cePM Mettologia special editior
Mise en ptafrque (mep kg) > ‘CCM (withg references for the mep)
mep kg g
! ? approved :
: m L updated mepikg
z S Eneen 3 approved
(preparation, measurements & report] CCM
CCM
L R4
. _B_IF:N! Ex_tr_agrsh:narg . Traceabllltgl ccM @ | .
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« Prediction » of the timeline for redefinition

3 clocks Uncertainties ~ two orders of magnitude better than Cs
Av /v, ~ 1018
3 comparisons Independent measurements of the same optical
A(v/v) <5 x 1018 clock in different institutes
3 clocks Continuity with present definition: independent
Av/v <3 x 10-16 measurements wrt three independent Cs primary clocks
Regular contribut. to TAI Measurement reports covering at least ten days
2 comp. betw. 5 clocks Frequency ratios
A(V i/vk) / (V i/vk) < 5 X 10-18
Validation and decision for optical standard CGPM

I | | "
2017 2020 2025 2030

Bureau
T International des CCTF Strategy Document, Annex 1 (Towards a new definition of the

T rc"\;\ts:es second in the SI, F. Riehle)
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Revised International System of Units  EEPIB
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NCeL ¢ = (v ky T/ m)"2 tally!
Guarantees long-time stability

A set of “defining constants”

&8 Speed of sound in §

Mi  3resonator
Realisation everywhere (Universe...)

Throughout the entire scale

* Acoustic gas thermometry

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Revised International System of Units

<UA(T,R,df)> = 4 Rk T Af

(Johnson/Nyquist, 1928)
| U2

Thermal noise in a resistor

Johnson Voltage Standard

E = %k 1 * Noise thermometry

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin

National Metrology Institute



(Johnson/Nyquist, 1928)

Thermal noise in a resistor

* Noise thermometry

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
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See also:
Gaiser et al., Metrologia 52 217 (2015) Dielectric constant gas thermometry
1
E=—kT
2

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Revised International System of Units

icitor §EaN I
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See also:
Gaiser et al., Metrologia 52 217 (2015)

 Dielectric constant gas thermometry

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Present S| (D. Newell) EEPIB

% Present Sl “defining constants” that will be
U experimentally determined in new SI

International prototype of the kilogram:
m(K)=1kg

Permeability of vacuum:
Ho=4n x 107" Hm™!

e Triple point of water:
Trpw =273.16 K

e Molar mass of the carbon 12 atom:
M((*C)=0.012 kg mol!

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Future SI (D. Newell) BzPIB

% Appendix 3, 26th CGPM Draft Resolution A
U (document CCU/16-03)

Status of constants previously used in the former definitions:

 the mass of the international prototype of the kilogram m (%)
will be 1 kg but within a relative uncertainty equal to that
of the recommended value of / at the time this Resolution
was adopted, namely xxxx, and that in the future its value will
be determined experimentally,

* to=4n x 107" Hm™, within u(a) . . .
o Tipw = 273.16 K, (closely) withm u (k) . . .
« M('*C)=0.012 kg mol!, within u (N,h) . ..

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Future SI (D. Newell) BzPIB

Number of digits and consistency factors

S
U
from CODATA 2014 for three cases
Constant Case I; digits Case II; digits Case III; digits
h 6.626 070 039 6x107*: 11 6.626 070 04<107*: 9 6.626 070 04x107* 9
e 1.602 176 620 77x107°: 12| 1.602 176 6208x107°: 11 | 1.602 176 621x107"°: 10
k 1.380 648 52x107: 9 1.380 648 52x10°: 9 1.380 649x10°: 7
N, 6.022 140 857 46x10>: 12 6.022 140 857x107: 10| 6.022 140 857x10*: 10
“New” SI to “old” SI Case 1 Case 11 Case 111
consistency factor
m( K)/kg 1.000 000 000(12) 1.000 000 000(12) 1.000 000 000(12)
u/(@n <10 "Hm ') 1.000 000 000 00(23) [ 1.000 000 000 02(23) | 0.999 999 999 77(23)
Trow/(273.16 K) 1.000 000 00(57) 1.000 000 00(57) 0.999 999 65(57)
M(7°C)/(0.012 kg/mol) | 1.000 000 000 00(45) [ 0.999 999 999 98(45) | 0.999 999 999 98(45)

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Are the FCs changing with time? ~ EEPIB

A cryogenic trap for cold HCI / molecular ions )

—_— @ .
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Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



Are the FCs changing with time?
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doi:10.1038/naturel2996

Efficient rotational cooling of Coulomb-crystallized
molecular ions by a helium buffer gas

A. K. Hansen', O. O. Versolato , L.Klosowski®, S. B. Kristensen', A. Gingell', M. Schwarz?, A. Windberger?, J. Ullrich®#,
J.R. Crespo Lop(,z Urrutia? & M Drewsen’

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute
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Wolf et al., Nature 530, 457 (2016)

Are the FCs changing with time?
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Quantum-logic

with molecules

Quantum-engineering of
molecular ions for
precision spectroscopy

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute



SI International
System of Units

Guaranteelng
- long-time stablllty
- realization everywhere

Coming in force: World Metrology Day 2019
Awareness rising Task Group established




