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@ Outline

* The S| — QOut with the old, In with the new
e Values of the Fundamental Constants - CODATA

« The Rydberg & fine structure constants

« Measuring /7 and ¢, XRCD and Kibble Balances

« Some other extreme measurements
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@ The Original & Incomplete Sl

kg = g = These four base units were fine
but they did not address all
measurements.
1

— N For example, electrical
measurements were routinely

o preformed outside the SI.

——
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Physical Artifacts as Standards

‘-1 | 5
‘.'i &  ~
7“ F'_.'II; ; { .‘,-- .

WM T W

e e

Pirsa: 18050045 Page 7/54



@ But The S| Evolved ...

Changes and refinements in definitions of the second, the
kelvin, the metre...

New base units: ampere, candela, mole
New SI units
electrical, radiation and dose
photometry, radiometry ....

And the quiet introduction of fundamental constants.
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@ What is a fundamental constant?

Fundamental physical properties - but what is fundamental?
There are many ‘constants’, but most are inter-related.

Fundamental Constants are the basis of how we describe
and model all of our observations of physical
processes.

They frame

The B I G Picture!




What's a B I G Picture

—

Dynamic ranges in metrology, measurements and science.

Resistance
*Resistance Calibrations 102 Qto 106 QQ — 10%
*Resistance Measurements 10-27Q) to 1018 Q) — 1098
Distance
E. Cornell, asymmetry of electron 108 fm=1028m

& Diameter of earth orbit 300x106 km = 3x10""m — 1040
*Planck length (103> m) to solar system  ~10'?m - 1047

-------

Fundamental constants are essential to realize near perfect scaling over these
enormous ranges. Physical artifacts are almost impossible to access over these
ranges.
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@ To See The BIG Picture

Consider the uncertainty of a physical meter stick. What happens as copies are combined
or subdivided? The ‘end effect’ uncertainties accumulate!

| > | i > |« > |

Coherent, quantum standards are essential to realize near perfect scaling over

these enormous ranges with minimal loss of accuracy — no end effect
uncertainty accumulation.

Examples - wavelengths of monochromatic radiation, flux quanta, single
electron tunneling, anions, ...

Pirsa: 18050045

Page 11/54




Pirsa: 18050045

The B I G Picture

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of \
400,000 yrs. Galaxies, Planets, etc.

Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Fundamental constants are key to the seeing the biggest pictures.
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@ Some Obvious Fundamental Constants

Properties of particles Properties of quantized states
*mass of the electron flux quanta
*mass of the proton suniversal conductance

«charge of the electron...

Properties of space Relationships between things
speed of light ¢ -gravitation constant - G
*magnetic constant z, *between energies — h, k, R,
-electric constant ¢, *between impedances - «

But some are already fixed and most are inter-related.
And what are their values?
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T
@ <> m- |CSU & CODATA 1

Committee on Data for Science and Technology (CODATA) — was
established in 1966 - is an interdisciplinary Scientific Committee of the
International Council for Science (ICSU), which works to improve the
quality, reliability, management, and accessibility of data of importance to
all fields of science and technology.

CODATA Task Group on Fundamental Constants - established in 1969 - “to
periodically provide the scientific and technological communities with a
self-consistent set of internationally recommended values of the basic
constants and conversion factors of physics and chemistry based on all of
the relevant data available at a given point in time.”

The Task Group sanctions the data selection and methodology of the adjustment of
the recommended values of the constants.
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@ Method of Least Squares

Setting the values of the fundamental constants.

The First Least-Squares Adjustment of the Fundamental Constants (LSA)
— Raymond T. Birge, 1929
— Cohen and Du Mond, 1965

— The 1973, 1986, 1998, 2002, 2006, 2010, 2014 CODATA Adjustment of the Fundamental
Constants.

For example, the 2006 LSA had 150 input data values, 135 distinct types or observational equations,
79 adjusted constants or unknowns.

It is a variance weighted, generalized, multivariate least squares adjustment with accounting of
covariances.
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How to get the values

The NIST Reference on Information at the foundation of modern science and
Constants. Units and Uncertainty technology from the Physical Measursment Laboratory of
r ’

- Ml URL: physics.nist.gov/constants

CODATA Internationally recommended 2014 values of the
. Fundamental Physical Constants

Version history and disclaimer
(e g, electron mass, most misspellings okay)
Search by name ! | [ search
Display @ alphabetical list, © table (image). or O table (pdf)
by clicking a category below

J Adopted val

T gre—r——
E constants
Electromagnetic Non-Sl units

Conversion factors for Extensive listings
Atomic and nuclear onergy equivalents
- All values (ascil)

Find the correlation coefficient between any pair of constants

See also
Article on the 2014 adjustment of the values of the constants
Wall Chart and Wallet Card of the 2014 constants
Background Information related to the constants
Links to selected scientific data

Previous Values (2010) (2006) (2002) (1998) (1986) (1973) (1969)

DEADLINE NOTICES (UPDATED)!

There will be an adjustment of the constants to provide the values for a revision of the International System of Units (SI) expected to take place in 2018. To be considered for use
adjustment, new results must be accepted for publication by 1 July 2017.

The 2018 CODATA adjustment of the fundamental constants will be based on the revised S, which will significantly affect the uncertainties of many constants. For data to be con
in this adjustment, they must be discussed in a publication preprint or a publication by 31 December 2018.

Natailad cantente Ahant thie refarence Fasdhacl Gor the DNIF Raadar
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@ Proposed Changes to the S|

Modify the S| by exactly fixing the values of seven reference constants, five of which
are fundamental constants of physics:

,  Planck constant

elementary charge

,  Boltzmann constant

N,, Avogadro number

c, Sspeed of light

Av, the hyperfine splitting of 33C

K.y, luminous efficacy of 540 x 1072 Hz radiation

€

x 0>

and to make the Sl units consistent with these values.
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Revised International System of Units

SI International .
System of Units \tS a

N\
H

"
a OonS[a 1%
u %
A consistent and coherent set:
Based on our present understanding of nature
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Accurate
Stable
Accessible
Versatile
Fundamental




Revised International System of Units

SI International
System of Units (\\tS

e aning
05\8”1‘3

e

9 0

A consistent and coherent set:
Based on our present understanding of nature
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Accurate
Stable
Accessible
Versatile
Fundamental




@ Changes in relative uncertainties x10”

Revised SI
Detined h,e,k,NA
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Constant or Unit

Mass

Planck constant
Avogadro
Elementary charge
Mass of electron
Flux quantum
Mass of proton
dalton (amu)
Klitzing constant
Magnetic constant
Triple point of water

m(K)

e
m

2¢e/h

hle?
",
Trpw

Present SI
(CODATA 2017)

exact
10
10
5.0
10
5.0
10
10
0.23
exact
exact

10
0
0
0
0.46

0.62
0.62

0.23
370
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@ A Hierarchy of Fundamental Constants

The speed of light 0 (fixed)
The Rydberg 5.9x 102
Relative atomic masses — (not a constant but important) 1.6 x 10711

The fine structure constant 2.3x 1010
The Planck Constant 1.2 x10°8
The Avogadro Constant 1.2x10°¢

But there are others

- The Boltzmann Constant, Gravitational Constant, the gas constant, ...
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@v The speed of light, c

* The speed of light has not always been a fundamental constant.
Even after 1905 many believed that it simply could not be constant.

* Now (since 1983) we take it for granted and use a fixed value with
zero uncertainty.

c=299792458 m/s

« Strangely, this was not the first exactly fixed fundamental constant.
Yes, fundamental constants do evolve as our understanding evolves.
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& The Rydberg, R,

In the 1880s Rydberg described the wavelength of light radiated when an electron
changes bound states in hydrogen. 1/» = R,(1/n,2 — 1/n,2) was originally applied only
to hydrogen but now extends to other ‘simple molecules’. Note: depends on E = hv

It involves classical electrodynamic forces, nuclear forces, effects of virtual particles
(or states), ... . EeV)

000

For different elements there is a different ‘Rydberg’. X i
Ry =R, (1+m.JM) , M is the mass of the protons 4 THHE 0 | B
3 \AAA 151 states
Paschen
TYRYY  series ~
R, = m.e*((4rgp)?h34nc) = me*(8&y2h3C) 2 Bine 740
=10973731.568525 (73) m! uv -
And 1 YYIYYY 136 G;na:nd
R, = a2 m_cl(4rnh) = o2 e Ae e

Imesindicated
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@ Experimental Determinations of R,

Summary of measured transition frequencies considered for the determination of the Rydberg constant R, (H is hydrogen and D is deuterium).

Authors, Laboratory,

(Fischer et al., 2004), MPQ
(Weitz et al., 1995), MPQ

(Huber et al., 1998), MPQ
(de Beauvoir et al., 1997), LKB/SYRTE

(Schwob et al., 1999, 2001), LKB/SYRTE

(Bourzeix et al., 1996), LKB
(Berkeland et al., 1995), Yale
(Hagley and Pipkin, 1994), Harvard

(Lundeen and Pipkin, 1986), Harvard
{Newtaon et al., 1979), U. Sussex
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Frequency interval(s)

V(1512 = 25y)

Vil 2813 - 4517) - 1/8 vy(18,3 - 25y)
V{25172 — 4Sy2) - 1/4 vi( 1Sy - 25,5)
Vol25y; - 45y) - 1/4 vp(15y - 25y2)
vpl25y3 - 4Dspp) - 1/4 vp(15,3 - 25453)
vol15y2 - 25y) - Vy(15y2 - 254)
Val25y2 - 85)

V(25,3 - 8Dyp5)

Vil 25,3 - 8Dgp5)

Vol25y/ - 8Sy55)

Vo(25y3 - 8Dypa)

vp(25y3 - 8Dg )

V(2543 - 12043)

Vil 253 - 120¢)

Vol25y; - 120y;)

Vol23y; - 12045

V(25173 - 65y3) - 1/4 vy(18,5 - 35,)
(25, - 6Dy 3) — 1/4 vy (15, - 35,,)
V25,73 - 4Py ) - 1/8 vi(15,, - 25,,)
V(2513 = 4Pyp) - 1/8 (1S4 - 254p)
Vil 2512 = 2P3p)

Val(2Py = 25,p)

Vil2Pyy2 = 25,p)

Reported value (v/kHz)

2466 061 413 187.074(34)
4797 338(10)

6490 144(24)

4801 693(20)

6494 841(41)

670 994 334.64(15)
770 649 350 012.0(8.6)
770 649 504 450.0(8.3)
770 649 561 584.2(6.4)
770 859 041 245.7(6.9)
770 859 195 701.8(6.3)
770 859 252 849.5(5.9)
799 191 710 472.7(9.4)
799 191 727 403.7(7.0)
799 409 168 038.0(8.6)
799 409 184 966.8(6.8)
4197 604(21)

4699 099(10)

4664 269(15)

6035 373(10)

9911 200(12)

1057 845.0(9.0)

1 057 862(20)

Rel. stand uncert. u,

1.4x 10"
2.1x10%
37x10"%
4.2 % 10°%
6.3 x 1079
22x101
1.1% 104
1.1 % 1071
B.3 x 10712
B.9x 10712
8.2 x 10712
Tl w30r 3
1.2x 1074
| Oy
3.3 . 1078
8.5 x 10712
49x 10
2.2x10%
3.2 x 10
1.7x 106
1.2x10°%
85x 1078
1.9 %105
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@ The Rydberg Theory (or theories!)

e Bohr model ca. 1915

e Sommerfeld fine structure correction
1922

e Evidence of QED effect since 1929
e Invention of QED and resolution
of infinities 1948
e Lamb shift 1951
e and more....

It uses ALL of the classes of our theories!

The Rydberg is a measure of the binding of
an electron to a proton.

Pirsa: 18050045

Fig 1. It is a relation between (he 15-2s transition frequency wy(ls=2s) and the Rydberg constamt R, .
A cormection for the difference between the center of gravity of the ls and 25 hyperfine multiplets and
their triplet component is not included. This figure is an example of a complicated relationship. and is not
intended 1o be read.
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@y Relative Atomic Masses

Values of the relative atomic masses are often related to the arbitrarily defined atomic
mass unit, 1 amu = '2C /12. This is more correctly referred to as the atomic Relative
standard mass Ar(Xx) .

Values of the relative atomic masses of the neutron and various atoms as given in the 2003 atomic mass evaluation
together with the defined value for 2C.

Atom Relative atomic Relative standard mass Ar(X) uncertainty u,

RN 1.008 664 915 74(56) 5.6 x 1071

S g 1.007 825 032 07 10; 1.0 x 10°1

We are not yet able to - 1y 2.014 101 777 85 3)6 1.8x 1010

- 3 3.016 049 2777(25 8.2x10°10

accurately calculate the =i /3He 3.016 029 3191{26( 8.6x 1010
. - *He 4.002 603 254 153(63 1.6 x 10-

mass of particular atoms. = g 1 e : z
it i - 150 15.994 914 619 56(16 1.0x 10"

i bt S e B o7 sl (3iie
- 3l h o X i

accurately measure e — g 29.973 770 171(32 1.1x10°

mass of a single atom in - A 35367545 109028 7.8x10°10
: - 3pp 37.962 732 39(36 9.5x 10"

comparison with another = - %ag 39.962 383 1225(29) 7.2x 101

. - S7Rb 86.909 180 526(12) 1.4 x 1010
single atom. — wipg 106.905 0968(46 43x10°%
Y 108.904 7523(31 2.9x10°®

- 13 132.905 451 932(24) 1.8%10°%
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@ Measuring Relative Atomic Masses

Relative masses can then be determined
A charged single atom in a Penning trap is confined by frequency ratios.
by an ac voltage between the vertical electrodes.

axial, cyclotron and magnetron described by: i

i S——

o1 1
A magnetic field then causes three types of motion, J_i u

-
et N

magnetron (-) reduced cyclotro

Pirsa: 18050045 Page 27/54




@ Fine Structure Constant

The simple Bohr model of hydrogen explained the coarse spectra of hydrogen.
Sommerfeld explained the further splitting of this 'coarse structure' by
considering elliptical electron orbits in a relativistic model.

The fine structure constant, «, is a measure of the strength of
the interaction between an electron and photons.
/\/ « is also the ratio of the impedance of
. [ vacuum and the universal conductance
= — and is related to several other constants.

Thus, « appears in all models that incorporate quantum and
relativistic properties of charged particles. For this reason it

A is related to many other fundamental constants and often
found in theory.

2 1
= = 7.2973525376(50) x 1072 =
e quency shift A [G “" Y Tic dmeq (50) 137.035999679(94)

LS

Pirsa: 18050045
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\" Measuring o

Anomalous magnetic moment of the Anomalous magnetic moment
electron or muonium. of the electron, a, .

Atomic recoil of various atoms.

Calculable capacitor, capacitance to REAPSNE 56 P

experiment measuring

resistance scaling and QHR. mass ratios combined |},
with QED theory =@ ..
dyo0 and h / neutron mass. P
Gyromagnetic moment of the proton.

a (QED) = A, + Az(mgm,) + Ax(mim.)

t+ Aym m,.m jm,) (B3)

A= a2(2) e a0 Z) e a0(2) s an(2)

Very different measurements and
diverse theories !

(B4)
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@ Planck Constant

E = hv the energy of a photon

a link between heavy and
massless particles

Because of the accuracy and ease with which
electromagnetic and optical frequencies can be
measured, the Planck constant plays a critical role
in physics and in the LSA of the Fundamental
Constants.
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&

h, e and N, Equations

V=K, fn =h/2efn
R=Ryi =h/e?i
C? &5ty = 1

h K2 Rc= 4
e2=2hal(yc)

R, = a2 m, cl(4rh)
N, = V.(Si)/ (& /n)

R, =10973 731.568 539(55) m!

o = 7.297 352 5698(24) x 10°3

Pirsa: 18050045

Josephson equation
Quantum Hall equation
electric and magnetic constants

Planck constant
elementary charge relationship

atomic mass relationship

Avogadro and Molar volume of Si
relationship between N, and h

relative standard uncertainty 5.9 x 10-2

relative standard uncertainty 2.3 x 1010
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@ Measuring h and N,

* Molar mass of silicon
(Avogadro and XRCD)
« Watt balances — with JVS and QHR
« Volt balances
« Gyromagnetic ratio of
the proton
 Faraday constant

The BIPM watt balance
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@ N, and h by the XRCD method

h and N, are related
through the electron mass

M(e)ca’ 9] )
2R '3

@ N, s related to mass and
lattice spacing

N, =8M/pa®)

Nuh =

msphere = Moo T Mgy
Carbonaceous layer (CL)
- - & . Physisorbed water layer (PWL) ‘
P Number of Si atoms Impurities,vacancies c:h:’n-::m; :a:r E:;fe.r (cwL) - Surface layers
Electron rest * and surface layers | '
mass \ J si0,
Si crystal
e o0 Silicon sphere
mcore = k =
- ’ ( Core
‘weigh’ the Isotope ratio and Volume and A lot of chemical and
sphere atomic weights  lattice spacing  surface analysis \ S
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& The XRCD in simple steps
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@ The XRCD in simple steps

Grow a near perfect boule of 23Sj
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(o The XRCD in simple steps

Grow a near perfect boule of 23Sij

Measure:
Lattice spacing
Chemical Impurities
Voids & defects
Isotopic ratios

IAC PTB
i e, B ¥
i e |
= e
q o ]
ol
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@ Si Lattice Spacing

An X-ray Interferometery measures the Si lattice spacing. From a single crystal, grind out two thin walls and
move them with respect to a third wall in an Xray beam.

Relative standard uncertainty in a: 1.8 x 102

Mo Ka fixed crystal  gpalyser

optical
interferometer

/ detector

displacement

Nd:YAG photodiode
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Volume Measurements

Fizeau interferometer at PTB

S5¢

S8c
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The Kibble Balance

What is the Kibble or watt balance, originally conceived
by Bryan Kibble?

How is it related to Planck’s constant and mass?

What is special about the NRC balance?

Bryan was trying to design a better ampere
balance: determining a current from mass,
length and time using the equivalence of
electrical force and mechanical force.

irsa: 18050045
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N «Kibble Balance — weighing phase
A g

Position

*

HeNe Laser

Pirsa: 18050045

g

Coil Position
Servoed to z=0

Eoemg il




@V Combining both phases

mg =BL I weighing mgv=1V,
V.=v BL moving The Kibble equation
Using the Josephson effect for it f i T _’i
voltage ¢ T a7 R= N2f> e
: Ve h
& Ohm's law and the quantum Hall J=—= R= ny;—
effect for resistance R &2
1 V¢ Vi 1 :
50 m = = —mnyfinpfong -
gv R gv "4

Mass is related to Planck’s constant via gravity , velocity and frequency.
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@-V New values of h, e, k, N,

In the Revised Sl these will be the new values of 4, ¢, kand N,,.
They will have no uncertainty!

h, Planck constant = 6.626 070 15 x 103*Js
e, Elementary charge = 1.602 176 634 x 10-'°C
k, Boltzmann constant = 1.380 649 x 1023 JK-'

N,, Avogadro number = 6.022 140 76 x 10?3 mol’
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XRCD

Pirsa: 18050045

Planck Constant - 2017 LSA

L3V

6.8 6.9 7.0 7.1 T.
I | I
P 1077k
L 2 KB NIST-98
—e— XRCD TAC-11
F i KB NIST-15
I—T—| XRCD IAC-15
< KB NRC-17 >
e XRCD IAC-17
o o KB NIST-17
—eo— XRCD  NMLI-17
I 2 { KB LNE-17
ITI CODATA-17
| | |
6.8 6.9 7.0 7.1 7.

[h/(1073 Js) — 6.6260] x 10°
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Other Extreme Measurements

Quantity System

— - . Frequency- Combs
- Voltage - JVS
- Time - lon traps

Resistance - QHR

Current - ECCs

Mass - Vacuum balance
g /E€MpeTature -

Pirsa: 18050045

Relative
Uncertainty

10" to 1010 , 4=
1017 .
10-11
10-11
10-10
107




The Evolution of the S/
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@ More on Measurements.. ...

NRC Metrology Research Centre:
— Canada's National Metrology Institute
— Accurate, traceable measurements
- New measurement methods for emerging technologies

Moving from artifact-based calibrations towards direct measurement
of fundamental constants and primary scales:
— Development of inherent standards by applying quantum-
based technologies to metrology
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BIPM Workshop: The Quantum Revolution in
Metrology, France, September 2017

Topics:
- Advances in quantum electrical standards
- Single-photon measurements,
entangled photon sources
- Highly entangled systems for metrology:
entangled optical clocks
® — Quantum standards for mass, force,
ol 3* pressure, vacuum, temperature, acoustics
| and vibration
- Emerging ideas in quantum metrology

e n
U
| .

137 Participants from 27 countries; 40 National Metrology Institutes, Universities, and Research Labs
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Quantum Standards

Existing and evolving quantum standards:
* Electrical units (Josephson Voltage, ohm: Quantum Hall Effect devices) >25 years
» Atomic clocks (time and frequency) >60 years

New and forthcoming quantum standards:
* Radiometry: single photon measurements, single and entangled photon sources
* Mass, pressure, vacuum, temperature, acoustics and vibration

Future quantum standards/technologies include:
* Atomic scale magnetometry, entangled clocks
* Improved sensitivity and resolution due to quantum entanglement
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—

@ Few Photon Metrology at NRC

Project Goals:

— Single-photon detector efficiency measurements

* Free space and fibre-coupled detectors

— Construction superconducting nanowire single-photon detector system (NIST)

— Characterize single-photon sources (NRC)

, 7 - Wsisuperconducting———
Looking forward: s '

— Multi-particle quantum state measurements &

SEM—
images: NIST b=

.-_1 66'm-n
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Single photon detector efficiency

Single-photon detector calibration capabilities - Free space Si SPADs

_ #of detected photons per second
~ #of incident photons per second

n

* Multiple filters are used to attenuate the input of a nano-joule laser beam to a level measurable
by the single photon detector

o
o
T
*
*
*
*
*

Detection efficiency
o
B
T

0.0 1 . L " L 1 . 1 . 1 . 1

Efficiency measurements by substitution method NRC cryogenic radiometer . s
Photon counts (kHz)
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@V NRC single photon source

 Dan Dalacu and Robin Williams at NRC

InAs
quantum
dots within
InP nanowire

Structure of quantum dot
Site-controlled nanowires embedded in nanowire
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Single photons on demand

* Presently no standard way to
characterize source efficiency

« Efficiency €: probability of
collecting a photon

* Brightness B: number of photons

collected per pump excitation
pulse
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Single photon source characterization apparatus
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Few photon measurements

NRC quantum dot nanowire photon sources = photons for multiparticle entangled states

Higher-order entangles states - double or triple quantum dots in semiconductor nanowire

InAs Quantum Dots =
QD 1~

_ s within InP Nanowire
New single photon source measurement apparatus Image: D. Dalacu
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Thank you!
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