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Outline — Three mysteries

* The mystery of mass

* The mystery of explaining the unit of mass

* The mystery of what’s next
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The mystery of mass

e Mass is among the first quantities
measured by humans

e The origin of mass is complicated
e Mass is active and passive
e active = gravitational mass

e passive = inertial mass
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At small scales, mass is weird

 Example: Hydrogen Atom
®
in the ground state:

e
my =me +my, — 13'6c_2

13.6 eV g
—=14x10
myC
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At small scales, mass is weird

 Example: Hydrogen Atom

-

®

in the ground state:

e
my =me +my, — 13.6C—2

13.6 eV
My c?

=1.4x1078

e Example: proton

@ m, = 938.3 MeV/c*

@ m, = 2.2 MeV/c?
myg = 4.7 MeV/c?

my, =2my, +my + 929.2 2

929.2 MeV

=99 %
b
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I [! ]
mazs | =2.2 MeWic? =128 GeWic? =173.1GeV/c 0 =124 97 GeV/ic?
charge | % % % 0 . 0 H Generates masses
i y & 9 & y ' ° of the leptons, the
| up L charm | top gluon higgs quarks,
> and the weak gauge
=4 7 MelWflc? =86 MeWic? =4 18 GeVic? 0 bOSOhS
-¥ -¥ -¥ 0 a
L5 y 15 y 15 y 1 . The existences Of the
Higgs boson was
down strange bottom hoton . .
\ \ g9 \ P confirmed in 2012.
=0511 MeVic? =105 66 Me\ic? =]17768 Ge\ficE =91 .19 Gelic?
-1 -1 -1 0 g
Ls s s 1
Absolute mass y y @
is unclear. electron muon tau Z boson g 2
L N L L .:)
We have P a7
. . E =2 7 eVic? =0.17 MeVic? =18 .2 Me\Vic? =80.39 GeVic? O
information . o o o1 LU m
on the mass - E & vj & vj & V) L Q &
diff O electron muon tau c::[: E
ifferences. LL
= - neutrino || neutrino || neutrino Wboson GRS

. . source: wikipedia
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I The rotation curves
Tl S R of galaxies (here
| Ob'serva_ti_o,ns-_ y s B Lo ondhg j je -
100 s from stgrllght —0 e i‘bjw\uauﬁmgﬂfaﬂa : v M33) dOES nOt
Ly s 21 cmithydrogen | ey
G KR B vt T e B follow our
: zlflocliiy)/ ol LA A e e B B cxpectation (based
L B on the visible
baryonic matter).

St ! : B Expected from'
, g lt_hevis_ib'le disk

. 50}

== o : )
e —
Y T

10,000 - 20,000 30,000 40,000

. . Distance (light years) dark matter



The total mass of the universe

't get’s worse

e Einstein’s “biggest
blunder of his life”: the
introduction of the
cosmological constant
— what we call today dark matter

dark energy.
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Challenges and opportunities

 We are far from understanding  Many important questions in
mass physic have to do with mass

* Mass is complicated * Mass, especially dark energy and
dark matter, will be an exciting
topic in science for years to come

e Conversations about mass could
be held at all level

 \We should have these
conversations

 We should stay engaged

\:
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Outline — Three mysteries

* The mystery of mass

* The mystery of explaining the unit of mass

* The mystery of what’s next
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Thesis

The definition of the kilogram in the Sl is the
third most difficult (base) unit to explain.




Proof

lmmmm

1 hyperf. trans. freq. 9192631770 0
2 m speed of light c 299 792 458 ms * 1
3 kg Planck constant h 6.626 07015 x 1073*  kgm?s~1 2
4 A elementary charge e 1.602 176 634 x 1071° As 1
5 K Boltzmann constant k 1.380 649 x 10723 kgm?s 1K™l 3
6 mol Avogadro constant N, 6.022 140 86 x 1043 mol~?! 0
7 cd luminous efficacy K., 683 Ims3 kg tm™2 3
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Proof

lmmmm

1 mol Avogadro constant 6.022 140 86 x 1023 mol~?! 0
2 g hyperf. trans. freq. Av 9192631770 s~ 1 0
3 A elementary charge e 1.602176 634 x 1071° As 1
4 m speed of light c 299 792 458 ms * 1
5 kg Planck constant h 6.626 07015 x 1073*  kgm?s~1 2
6 K Boltzmann constant k 1.380 649 x 10723 kgm?s 1K1 3
7 cd luminous efficacy K., 683 Ims3 kg tm™2 3
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Schwarzer Kirper

Serie V.

« beobachtet

H. Kubbinga, A tribute to Max Planck, 7#*
Europhysics News 49, 27 (2018)
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Consider the simple pendulum
AN [T

I X

A

/




_——————‘g
Consider the simple pendulum
W g g I N

A T

m 0-47 m m m m




Consider the simple pendulum
W g B B

A T




Consider the simple pendulum
W g g I N

A T

10h




Consider the sim}ole pendulum
WA

[ | l | [ ]
| |
o *




Consider the simple pendulum
U

I position &

momentum is fuzzy
® .

80

0.2 0.4 0.6 0.8 1.0
£/(10717s)
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guantum mechanics

0 h*
ih—WY=|—=—V*+V |V

dt 2m
/‘{DB > d ADB ~ d
] h
DB »
JeBroglie

avelength

classical mechanics

kg is here



=g/l  Consider the simple pendulum

[

| l 1077 kilogram-sized masses
| o Lo-10 are very far

| (read: 30 orders)

" £ oo away from the
guantum mechanical
h 10716 regime
A= m\@ 1019
10762 10" 107 10°5 100 167 10
I/m

H



 Use a small mass

e Scale

‘meOCh

eM=n-Ny-1r-me

X-Ray Crystal Density Method (XRCD)

WO ways to connect h to the kilogram at 1kg level

e Quantum electrical standards

h h
‘RKze_z&K]=;

K2
I _h

Rk 4
* Fop = Pmech

Kibble balance




Challenges and opportunities

* Explaining the realization of the ¢ We have the opportunity to talk
kg from h is hard. about quantum mechanics when

« Explaining the Planck constantis ~ @sked a simple question, “What is
hard. a kilogram?”

e The realization experiments are

e Explaining the two realization
fun!

experiments is hard.
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* The mystery of mass

* The mystery of explaining the unit of mass

* The mystery of what’s next
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e
E From a fixed point to a scale-invariant constant

Graph adapted from: B.W. Petley,
Physical constants and the SI, NPL News Jan.1987.
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m a fixed point to a scale-invariant constant

[

Graph adapted from: B.W. Petley,
Physical constants and the SI, NPL News Jan.1987.
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O
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a fixed point to a scale-invariant constant

From

[

Graph adapted from: B.W. Petley,
Physical constants and the SI, NPL News Jan.1987.
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From a point to a scale invariant constant

1x 1077
8 x 10781
- 6X 108 o
:\|-<|/ |
> 4 x 10781
= ® °
£ 3x107% . 1.6 x 1078
(@)
g o
. 2x 1078+ /
)]
= ® °
1 x 1078 +—— - : —_— : :
100 g 200 g 300 ¢ 500 g 1 kg 2kg 3 kg

nominal value

e CMC for USA
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From a point to a scale invariant constant

1x 1077
8 x 10781
-— 6 x 10731 o
:\|f|/ |
> 4 x 10781
= ® °
£ 3x107% . 1.6 x 1078
(@]
|
3 ®
. 2x 1078+ /
v
@ @
@ .................................................. .. . . .
1 x 1078 +—— ; : : .
100 g 200g 300g 500 ¢g 1 kg 2kg 3kg

nominal value

e C(CMCfor USA o NIST-4 statistical —eo— NIST-4 proven
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From a point to a scale invariant constant

1074 -
T 1075 1
= z
>
k= -
S 10°%4
< ]
[
=3
° 107
1073 102 101 10° 10! 102 10° 10*
nominal value / g
—e— CMC for USA —e— NIST-4
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Why lower the uncertainties for lower values?

e Commerce: e Science
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"NIST =

e Commerce:

Californium Cf

|||||

" y -
Actinides Lanthanides
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e Commerce:

Californium Cf

Here it is

D; 65 W, |66 I, |67 ‘., 68 °H, 69 |70 s,
Gd Tb Ho Er Tm Yb

62 S
Sm
goum | Terbwm | Dysprosium | Holmium Erbium Thuliem  Yhedwm  Luletum

. 158.92535 162 500 164 93033 167 259 168 93422 173.045 174 9668

Samanum Europum
150.36 151964
elefes’ | [elfSs’  [xef sTRQENXelerss’ | (xeprss’ | (xepr'es’ | prepr’ss’ | puelt”se’ | (xewr''se’ | [xepsr''sass’
56437 5.6 g638 4 59391 60215 61077 | 61843 | 62542 | 54250

1

7 0, 58 'c; 59 ‘I, 60 1,
La Ce Pr Nd

Lanthanum Cenum  Praseodymaum  Neodymium
13890547 140116 14090765 144242

[Melsabs’  [xejtsdes’ | [Xeur'ss’ | [xejdr'ss’
55769 55386 5473 55260

89 n, 90 °r, 91 ,, 92 U
Ac | Th | Pa | U

]
2
g Actinium Thorium  Prolacinium  Uranium
<

(227 2320377 23103588 23802891
[Rej6d?s’  [Rnjd’7s’  [Rnjsrsdrs’  [Rnjsredrs’
53802 6 3067 589 61541

e Science

reading

-— 200 mg —_—

smallest possible calibration weight

~—characteristic curve

——signal 0.8 mg

6x T = +U

load on the balance
0.784 mg 12.5mg auxiliary
TR

12.5mg 100 mg 100 mg

1

calibration masses
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From a point to a scale invariant constant

10_4€
1=
5 _
s 10704
L ]
[
=3
Tﬁ; 1077 -
s
10°* 103 102 10! 100 10! 102 10° 10%
nominal value / g
—a— EFB —e— (CMC for USA —e— NIST-4
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From a point to a scale invariant constant

10_4€
‘ﬂ' ]
= 10°4
- 5
=
5 _
s 1079;
= ]
[
=3
Tﬁ; 1077 -
10 8
0% 102% 102 10t 10° 101 102 10° 104
nominal value / g
—s— EFB —eo— NIST-4 @ KIBB-gl (proj.)
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From a point to a scale invariant constant

10
= 10754
L é
z 10701
c 1
5 .
g 1077
c ]
-] _
= 107%4 Y| Improvement by
= almost 2 orders of
1077 ; magnitude due to the
] AY revised S|
102 102 1017 10713 1079 1079 101 103
nominal value / g
—=— EFB —eo— NIST-4 v m, (current SI)
—e— (CMC for USA A my (revised Sl)

\* |
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massive

The mass scale is vast black hole "

rest mass

of the electron o \© measured masses of

“simple” objects.




el

31
e ~ 5.76(80) x 10°* kg
5
=
c
©
&
Operational ’
Under Construction ;: A
Planned l\!
Gravitational Wave Observatories
N
z
. . . . >‘
e Multiple gravitational wave detectors require =
consistent calibration. 5
(-

e Calibration cam be performed by photon pressure
on the end mirror.
* Needs precise (10%) calibration of laser power.

ghing 29(4) solar masses

1.0
0.5
0.0
-0.5
-1.0

1.0
0.5
0.0
-0.5
-1.0

0.5
0.0
-0.5

Hanford, Washington (H1)

Livingston, Louisiana (L1)

[— H1 observed

H — L1 observed
H1 observed (shifted, inverted)

H — Numerical relativity

Reconstructed (wavelet)

H — Numerical relativity
Reconstructed (wavelet)

B Reconstructed (template)
I 1

I Reconstructed (template)
1 L

| — Residual

_| — Residual

0.30

0.35
Time (s)

0.40

0.45
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0.30 0.35
Time (s)

0.40

0,45

o N B O ™

Normalized amplitude
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Concept: A precision scale with a mirror
attached can measure the radiation
force of light.

Traditional approach:
Energy meter
Absorption-based
Energy oc AT

Incident Energy :

Calorimeter:

Energy range: > 300 kJ
Response time: minutes
Size: cubic meters

Weight: hundreds of pounds
~1% uncertainty

Equivalent
I ES

Application

Marking 6.7 microgram eyelash

Welding/Cutting 670 microgram  grain of sand

(
Minimal absorption, Laser power
power-scalable, no
thermal recovery time.
\_ 10 W
1 kW
100 kW

Research /

67 milligrams two staples

Defense
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The horizontal Kibble/electrostatic force balance

_ _ Seismometer suspension in horizontal plane
Alr bearing setup

Moving magnet

e e l L

_ : : -‘\\‘—————___E ; \{ Tis, . ;
» Laser Interferometer
S _'”"p ; p
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lan Robinson:
The Kibble balance: measuring mass and related quantities in the revised Sl

The future NPL &

» |n three days time the Kibble balance will become
a method for realising mass in the revised Sl

* The method allows an NMI to make a contribution
to a worldwide mass scale which is statistically
independent of any other laboratory.

= All of the existing contributions to the
determination of the Planck constant use balances
which are physically large and have taken
considerable times to develop and are not simple
to operate.

» |n general laboratory budgets are not increasing
significantly.

* To generate further independent contributions to a
robust, worldwide, mass scale smaller, simpler and
cheaper Kibble balances are needed.

Physical Measurement Laboratory
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Vojtech Palinkas:
Gravity measurements supporting Kibble balances

Gravity measurements supporting Kibble balances

Relations between - Q

..\ ,gravitational“, ,gravity” and ‘“E.f”“ (ﬂ/ “'>—> "eEf“'“ cul
. free-fall” acceleration VTN :

Methods and technologies for ,,g“
determination in a Kibble balance

3 FG5 absolute
gravimeters on W1/W2 wWalt balance on W2

Figure 2, Gravity measurements in the WB laboratory. The 3 AGs
occupied W1 and W2 and the 8 RGs measured the ties between W
and W2 at the five levels and the 3D grid around the WB.

Uncertainty of ,,g“ measurements, key systematic effects

2
"horizontal
1 Coriolis effect (soled paraliel to suface)

Coriolis " ™~
effect 4" ‘?

Edtvis effect

“vertical”

Physical Measurement Laboratory i -



Horst Bettin:
Silicon spheres for the realization of the new kilogram definition

Silicon spheres for the realization
of the new kilogram definition

Horst Bettin, PTB Germany
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Kenichi Fuijii:
Realization of small mass, force and torque measurements based on the new
definition of the kilogram

AIST National Metrology Institute of Japan

Voltage balance with MEMS technologies

Nanogram region Picogram region
Main flexure linkage Objective lens

Sub flexure linkage|

of microscopy

5 e . ~P Nano-pincet
...,. e i i

= . "
Shield of 1_ M : 'p N Shield of outer

cylinder

Small sample . f;:%q

EaUykILE—H— "o
s

Monolithic Roberval mechanism realized by flexure hinges MEMS mass sensor

Main flexure linkage

. Inner cylinder -
| outer cytinder Photoregist SEM image
MEMS sensor

Fixed block

Sub flexure linkage

Inner cylinder Counter capacitor

Small mass measurement under microscope
using MEMS technologies

Outer cylinder

Main Eapacitor

Y. Yamamoto, K. Fujita and K. Fujii: SI Traceable Small Mass Measurement Using the Voltage Balance Apparatus at NMILJ,
CPEM 2018, July 8-13, 2018, Paris
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Corey Stambaugh:

The NIST Magnetic Suspension Mass Comparator for Vacuum-to-Air Transfer of the Unit of
Mass: Current Status

_""wnvfwr-h
agwv

Monitor Watt Balance stability

Artilacts

Vacuum artifacts

Realization

Direct trac r-abunyto st Dissemination

Vatuur nam‘fa(t&

Innsp-nn
Vehicke —)'
[TV}
Vacuum-to-Air Transfer
Real Direct comparisan of known mass in vacweum to

rnrougn a fixed Planck constant ‘#‘ uUNKNCWE s in air using magnelic suspension f
~ .
S F
Vacuum Balance T e Vacuum and Air Storage 2

Sa
Artifacts
Surface and Volume Artifacts

Characterire sorption progerties and air density for
measurement of mass in vacuurm and mass in air

Vacuum chamber pressure =107 Pa

Manitor pressure and gas compodsition of storage
emvirenment

Load kock o insert and remove artifacts with M1V

= Canstant flaw of filtered room air
+  Moniter lemgeeralure, pressure and humidily

<

Wacuum, air artifacts of Pt-br and 55 artifacts

*  Load bock to insert and remave artifacts with MTV

Magnetic Suspension

Mass Comparator
Goal: Direct comparison of a
known mass in vacuum (top) to
unknown mass in air (bottom)
with a standard (k=1)
uncertainty that allows
dissemination at the OIML E1

| ———— ]
class weight level for 1 kg mass.

air

(P3, -P1,)/pg

72 73 74 75
Run #
P i —

hysical Measurement Laboratory

Air in both chambers

Compare two masses in lower chamber
T T

650 T T
(540 + 20) ug (AX10005)
(540 - 20) pg (AX10005)
+ & Upper Carousel P2-P2 (MSMC)
600 |- @ Upper Carousel P2-P4 (MSMC)
@ Upper Carousel P4-P4 (MSMC)
@ Upper Carousel P4-P2 (MSMC)
550 | i $
{=1]
= 560
500F = E ]
g 540 i %
2 520 :
450 1 1 1 1 1 1 1

Main themes to be discussed in Friday’s Talk:

* Magnetic Suspension does NOT affect the stability of a mass
reading. Mass readings stable to below balance resolution.

* Magnetic interactions or force transduction errors have

proven to be move challenging than desired.
these interactions can be taken into account.

However,

Corey Stambaugh (Project Lead), Z. Kubarych (Group Leader),
P. Abbott, E. Mulhern, N. Vlajic, M. Berilla, M. Davis, E. Benck




Stuart Davidson:

Real-time contamination monitoring on mass standards stored in inert gas

Summary

= (Careful storage of mass standards is critical for;
« Stability of national standards at NMls

* Maintenance of the mass scale between key
comparisons of realization experiments

» Continuity of access to the mass scale
disseminated from (individual) realizations

= Storage in inert gas has been shown to improve
the medium to long-term stability

» A relatively simple apparatus for storage of mass
standards in inter gas has been developed

» Real time monitoring of surface contamination by
QCM (Sauerbrey equation applied)

= XPS can be used pre- and post-storage to
validate QCM measurements and characterise

- surface accretion

Physical Measurement Laboratory




Karl Jousten:
Traceable desorption and outgassing rate measurements

Vacuum

1'% g
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Challenges and opportunities

|t will a while until the scale will e Let’s shoot for the stars!
be freed from the cardinal point ¢ \ipple/electrostatic balances for
at 1 kg quantities other than mass:

e |aser power outside scope of force, torque, laser power
CCM

e Let’s expand the range of KBs/
EFBs to small masses

e Collaborations between CCs

Physical Measurement Laboratory =



Time machinheé
vou work on these and 10 years feel like 1 year!
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