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“The amount of substance of a system which contains as
many elementary entities as there are atoms in 0.012
kilogram of carbon-12.“ ® dependent on the artefact
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definition of the kilogram
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Mass values of the prototypes in 1889, 1950 and 1990

red: International Prototype

green: BIPM, Official Copies

orange: no.25, BIPM |, for special use

black: national prototypes

1880

1900 1920

1940

year

1960

1980

2000

New Sl d:1100d

One mole contains exactly 6.022 140 76 x 1023 specified
elementary entities. This number is the fixed numerical
value of the Avogadro constant, N,, when expressed in the
unit mol~! and is called the Avogadro number.
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A15 AN FIRY1UTYU: SILICON SPHERE

Silicon sphere ¥i1l4 Silicon [Si) sphere ?
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Figure 1. The float-zone *Si crystal and its cutting plan. To ve « <
determine density, two spheres (AVO28-S5 and AVO28-58) were

manufactured from the two bulges. To determine the lattice

parameter, an X-ray interferometer was cut from the material

between the two spheres (yellow part of the cutting plan). The

enrichment is higher than 0.999 95.

Andreas, B.. Azuma. Y., Bartl G., Becker, P., Bettin, H., Borys, M., ... Zakel. S..Metrologia, 48(2), SI-S13. 201 | doi:10.1088/0026-1394/48/2/s01



ACQUISITION REDEFINED:
.COUNTING ATOMS IN A “PERFECT” Si-CRYSTAL
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Volume of Sphere [U3u155984 sphere]

Molar Mass [uranalua]
mP-I_B International Avogadro Coordination

- |sotope composition - Mean diameter (Optical interferometers)

28C: 29¢C: 30C: Optical sphere interferometer
(IDMS, NAA) (55,551, 0Si) s _‘
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M sphere -
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Surface layer :  XRR, XRF, XPS, G 1 — ,
motes | Lattice parameter [LaRFATNIILLRET

x-ray nerrerometer - | ength of a unit cell (XRCD)
- Surface layers and point defects
“ (XPS, XRF, XRR, SE)
- Impurity on the surface (O, C, H)
(FTIR)

Mass comparator

Mass (178789 sphere] 2

- Mass (vacuum mass comparator)



|ST FACTOR: VOLUME OF SPHERE N, = Voonere M

(%3) Msphere

X-Ray Interferometer was used to determine the diameter of silicon sphere.
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@PTB interferometric volume determination

_-The sphere diameter
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thousands of diameters are measured simultaneously Sphere no. d (um) Vsphere(cm3)

AVO28-S5 93 722.9720(9)  431.059 061(13)
AVO28-58 93 722.2509(7)  431.049 111(10) O

40



Vsphere M

2ND FACTOR: LATTICE PARAMETER Na=—43

_) msphere

*X-Ray Interferometer was used to determine the lattice-plane spacing of silicon crystals.
“FUUdsAaUlY unit cell:

+ 4 atoms completely inside cell

The distance of lattice planes

* Each of the 8 atoms on corners are shared among cells (S vosoohlolelslessssss

ecount as 1 atom inside cell S:::::::::::::::::: a(SpheT'e) — a(XINT)(]. +Zﬁlcl)
Atomic distance

* Each of the 6 atoms on the faces are shared among 2 '
cells 9 count as 3 atoms inside cell M'::::
e contaminants and vacancies

R EEE 1330 SEEEEEEE wm VA * accuracy in picometer
— :::::::::m

rotational in nano radian resolution

9 e temperature and pressure (20 °C in the
JUVY p International Temperature scale of 1990
(ITS-90) and 0 Pa)
a . Shi-Song, Z. Zhong-Hua, Z.Wei, L. Zheng-Kun, H. .
> S Songiing.Chinese Physics B - September 2014 Surface layers and point defects (XPS, XRF,
The lattice structure of the **Si crystal. 18 **Si atoms are shown in the structure: XRR, SE)
4 atoms (red) are inside the cube; 6 atoms (yellow) are at the centres of 6 surfaces; the other o
8 atoms (pink and green) are at vertices of the cube. The average number of atoms in each Impurlty on the Surfa.ce (O’ C’ H) (FTIR)

lattice N =4 +6/2 + 8/8 = &.



Vsphere M

3RD FACTOR: MOLAR MASS Ny =
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Novel concept

Isotope Dilution Mass Spectrometry (IDMS) technique was modified and applied to determine the isotopic
composition and finally the molar mass.

Highly enriched of the 3°Si was used as spike. It was enrich in the highly enriched ?8Si as “Avogadro silicon”.

Ratio 39Si/2Si was measured. 'H :
MC-ICP-MS was employed e

A shard of silicon looks like metal but is actually metalloid.
Credit: J. Stoughton/NIST



4TH FACTOR: MASS OF SPHERE N, = Jehere

(a_3) msphere
8

Mass of the spheres were determined by BIPM, PTB and NMIJ and traceable to IPK through NPK of each country.

Meore = Meot — Moxide — mdef - msorpt

Meore = mass of the core of the sphere

Meor = total mass of sphere

Myyide = Mass of silicon oxide = determined via density of the $i0,

Mger = mass of point defects = calculated on the basis of the contaminant and vacancy concentrations

Mgorpe = Mass of other contaminants and water sorption = characterized the thickness and chemical composition
of the surface layer



VALUES AND UNCERTAINTY OF THE N,
DETERMINATION

Uncertainty of the N, determination for AVO28-S5 sphere

Quantity u/10? %
Molar mass 5 6
Values of the Avogadro constant based upon the enriched S| sphere
Lattice parameter 5 6
Surface characterization 10 23 Sphere N,/10% mol-! u /107
Sphere volume 16 59 AVO28-S5 6.022 140 72(13) 21
Sphere mass 4 4 AVO28-S8 6.022 140 80(14) 23
Point defects 3 2 Mean value 6.022 140 76(12) 20
Total 21 100



MOLE: DEFINITIONS

Old SlI New SI




CONCLUSION

Impact of the re-definition

insignificant impact

Metrological traceability :

”

> A195UNURANNTIANIGAT Ay lusUvasdiRaulaY
178 (mg/kg), AINMUTUTU (mg/1) A= lUavalinilag
WoudasUFunmuaslveylunituva sluaminiu
______________________________________ e lwoTanlasAsuluanifiuioadndos vinlvuny
Tadwasan1ssiusuNan1sIRva D sUURNS

LN INNFDNTUAITUTUF A= LATUUNS

_ AATIZUNRAFDU
NIV

» Bimnadlafiuuss v U R .
-2 nsEpuLa T wmnuifewiuuisulriiaudu

Uaquu



MOLE: METROLOGICAL TRACEABILITY

Old S New Sl

Amount of substance Amount of substance

molar mass of carbon |2} , to be exactly 0.012 kg/mol

Avogadro constant, N, (6.022 140 857 x 1023) Avogadro constant, N, (6.022 140 76 x 10%3)
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