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X-Ray Crystal Density (XRCD) method for measuring N,
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Why Si isotope enrichment is necessary?
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Outline of the International Project
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Result and future
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FOTSLOBEESE

Possible method for the redefinition

> 511 (example 1)

FOTSLIZEEREICHDEIELI-BH5.018 - - - x 1025 BO kFERF12C
NDBEIZHFLL

The kilogram is equal to the mass of 5.018 - - - x 10%° free 2C atoms at rest and in their
ground state

7RAFOEH (Avogadro constant) N, =6.022 - - - x 102> mol-’
> 512 (example 2)
TA 234 D% (Einstein’s relations)
E=mc?2=hy
v=mc?/h

045 LIXERBA(299 792 458)2/6.626 - - - | x 1034 AJLYDKFDIRIL
F—LEMEMENDEETHD

The kilogram is the mass of a body at rest whose equivalent energy equals the energy of
a collection of photons whose frequencies sum to [(299 792 458)%/6.626 - - - ] x 1034 hertz

JEE (speed of light) ¢ = 299 792 458 m/s (already defined)
TS5 9 FEH (Planck constant) h =6.626 - - - x 1034 J s
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THRARORHET SV IEREDE R

Relation between N, and h

EREYMEEMOBEFRIN m, =2hR /(%)

cM. o’
N, = e i

m 2R (m m)h

N, &hid & LB
N, is antiproportional to h

Amedeo Avogadro
(1776-1856)

Max Planck
(1858-1947)

cM,a?/[2R (m /m)]: U, =4.5 X 1071
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XIREREEE

X-Ray Crystal Density (XRCD) method

ZE (density): p
BFEH (lattice constant): a T

EJLE = (molar mass): M a

288, 29Si, 30SiD [ L A FTE L (isotope composition)
BE{RFOHEE (unit cell density): p= (8MINA)/613
N, = SM/(pa) I ERDEAREF

Unit cell of a cubic crystal
=6.022 - - - x 10>} mol!

EFXIZTEIEEDAERENRFLRYD

Molar mass measurement has been the bottle neck in uncertainty
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ZHRAFOEKEFOS Ik

International Avogadro Coordination (IAC) Project

> EffEEEHERS (CIPM)AEE (coordination)
1WF 2 HARS (term of MoU) : 2004-2011
> 1) aVREIRERE (Siisotope enrichment)

> 3

> BIPM (E

W

28G;j
29G;j
30G;j
AMIM 1 x 1077 1x108

Natural Si Enriched Si

92 % 99.994 %
5 % 0.005 %
3% 0.001 %

FREEEF), INRIM ({#), IRMM (EU), NIST (K),

NMIA (3), NMIJ (B), NPL (3£), and PTB (J#)
> Target: AN,/N, =2 x 108
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5 kgD 28Si[F] i {4 = HE#E o

Production of isotopically enriched 23Si crystal

Cutting plan of silicon-28 ingot

SEHEEE (enrichment): 99.99 %
ik 3B (carbon) < 1.0 x 1015 /cm?
Avo28 grown by the float-zoning

method at IKZ (May 2007) AR EE (oxygen) < 3.7 x 1014 [cm?
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INRIM ({) DX$E TS5 &t otézss|1%%i§£d),ﬂlli

Absolute lattice parameter measurements by INRIM (ltaly)

1 T 5B DI D R R TR &

Relative standard uncertainty in a: 1.8 x 10-°
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NMIUDL—FF BT KB )aAVERAEDERERIE

Diameter measurement of the silicon sphere at NMIJ

28Gj silicon sphere

Temperature stability <1 mK

Diameter measurements from 1000 directions
Standard uncertainty in diameter measurement: 1 nm
Surface evaluation by SE, XRR, XPS, XRF

Present state: u (V) =2 x 108
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a (L AFIRAITICLHBSIOEILEEDRE

Isotope dilution mass spectrometry

Inductively Coupled Plasma (ICP): FE#HE&T5X~

/ =~% Multi Collector(Z&k%
il //_’\\\\§ AT ERDAE

/' Si crystal — aquous solution — aerosol

Relative standard uncertainty in M: 5.6 x 10-°
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FERINOHEE

Unexpected surface contamination with Ni and Cu

Spheres XRF, 1060 eV, 45 deg

2000[

1500 |

Sphere Thickness of Ni and Cu
Avo28-S5 0.54(17) nm
Avo28-S8  0.54(16) nm

1000

Counts per Channel

500

0 b 1 1 1 1
600 700 800 900 1000 1100
Detector Photon Energy / eV

XRF measurements using the synchrotron radiation facility at PTB

« CSIRO () THIEL=fhD ) Bkt L TNiECuTHR
- £ REDEZ (thickness): 0.5 nm
- £BREBNDHEE (mass of the metals): 100 ug
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PHRAFOEB DA EFRKR (2011)

Quantity Unit Av028-S5 Av028-S8
BFEHa  pm 543.099 624 0(19)  543.099 618 5(20)
BEm g 1000.087 558(15)  1000.064 541(15)
BR{RTRV cm3 431.059 061(13) 431.049 111(10)
ZEp=m/V kg/m? 2320.070 841(76)  2320.070 998(64)
EILEEM  g/mol 27.976 970 26(22)  27.976 970 29(23)
N, 1023 mol!  6.022 140 95(21) 6.022 140 73(19)

N, = 6.022 140 82(18) X 102 mol!

Uncertainty budget for Avo28-S5

Reference
: Relative standard -

Quantity ) o » Determination of the Avogadro Constant

uncertainty/10 by Counting the Atoms in a 28Si Crystal,
BFEHa 11 Physical Review Letter, 106, 030801
BEm 4 (2011).
BRIARFEV 29 * Counting the atoms in a 28Si crystal for a

new kilogram definition, Metrologia, 48

KM (surface) 15 (2011) S1-S13.
EILEEM 8

oy ) » Metrologia Special Issue: International
RR (point defects) 3 determination of the Avogadro constant
Total 36 (2011). Atotal of 14 papers.
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BEL-28SiRiEfHEamIk

Metallic layer is near-completely removed

Avo028-S5 Avo28-S8

AV028-S5c¢, (P-V)giameter = 69 NM AVO28-S8c, (P-V)giameter = 38 NM

BE1kg. EF94 mm, MMHDEERFZE:5 nm
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New results on the Avogadro constant in 2015

N, =6.022 140 76(12) X 102 mol-
Relative standard uncertainty: 2.0 x 108

Quantity  Unit AVO28-S5¢c AV028-S8c
M g/mol 27.976 970 07(15) 27.976 970 07(15)
a pm 943.099 621 9(10) 543.099 616 9(11)
V cm? 430.891 289 1(69) 430.763 222 5(65)
m g 999.698 359(12) 999.401 250(16)
m/V kg/m3 2320.070 943(46) 2320.070 976(51)
N 1023 mol- 6.022 140 71(13) 6.022 140 79(14)

Quantit  10%u(N,)/N, Contribution / %

\ : 6

a 5 6

te 10 23

Vv 16 59

m 4 4

Myeficit 3 2

Total 21 100

Y. Azuma, P. Barat, G. Bartl, H. Bettin, M. Borys, |. Busch, L. Cibik, G. Agostino, K. Fuijii, H. Fujimoto, A. Hioki, M. Krumery, U. Kuetgens, N. Kuramoto, G.
Mana, E. Massa, R. Meess, S. Mizushima, T. Narukawa, A. Nicolaus, A. Parmann, S. Rabbo, O. Rientiz, C. Sasso, M. Stock, R. Vocke, A. Waseda, S.
Wundrack, S. Zakel: Improved measurement results for the Avogadro constant using a 28Si-enriched crystal, Metrologia, Vol. 52, No. 2, pp. 360-375 (2015)
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Correlation between 2011 and 2015 results

2011: N, = 6.022 140 99(18) x 1023 mol ! (B HEDHI)
2015: N, = 6.022 140 76(12) X 102 mol ' (BHIED %)

Molar mass 0.00: NaOH to TMAH

Unit cell volume  0.15: aberrations and extrapolation
Sphere volume 0.14: diffraction

Sphere mass 0.32: surface layer mass

Total 0.17

Relative difference: 38(33) X 10~°
Weighted mean: N, =6.022 140 82(11) X 10%* mol™!
u (N) 1.8 X 108
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TSR DHE (20155F)

10" h EXRE
TFEMS
NIST (3k) 2015 0 56 x10-8
ERHEELT
IAC (2011 and 2013) |®AroER~ | 1.8 x10-8
A I DIE
NRC (hF#%) 2015 —=— 1.8 x10-%8
CODATA 2014 o 1.2 x10-8
6.626068 6.626069 6.626070 6.626071

Planck constant 2/ (1034 J s)
Pr{y’(v) > y*,ss =12 % >5 % — consistent !
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SEOXOYS LIRSS

National Prototypes

A1 A
S A1

A5 LNDRT

AT AN

TV R2

FEOXAT LIRS

National Prototypes

N

! National Metrology Institute of Japan

SHRIRERH

Ensemble
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SEDODEHEAO—FTYT

> 2015-2017 - BEEEEEEMEZTES(CCM)DFOT S L
M EIHIZEH 9 BPilot StudylZZ& N

 HBOTIUOEEDIE (CODATAN 2014 FEHEZE) Z{F->T1F
095 L%3EH (realize) L. EIRFER DB S M EHEER (validation)

- NMIJ(H).PTB(PTB).NIST(:K).NRC(HF4%).LNE({h).
METAS (XA R)IEEMS M

> 2016: 0 S LDEH A (mise en pratique) X E 1t

> 2017:CODATAIZ LD TS I FHNh, EfmEEe. RILYT
VEHK, TARAROEMN, DRE (T—FDRIKXEEHE)

> 2018: 5526

=

CGPMOFE (EXWNEEE &
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FOTSLDBEREICE>TRIAEHZDH

> A—RILAAREECTEERIN, LR EHIZAAINNILHEENARSOEAE
KRIRTEDLSITHS=ESIZ, TSI EHNCTHRAROEHN ZRHEL
LTHLMNFOTSLEEREHTHETEDEIITHS,

> FILLWEEDESE = W/NEEFHRIEHIT~ O

PM2.50 & & (#120 pg)
1kg 19 1mg 1png l 1x10™18 g 1x10% g

f f ! !
FRISLRE FROBRNHE EHEOEE AKERFOHE
RUAIZEBERIHADBRR

<H/ORaO—EvsH A Ra—Ews TH/ARa—EvY

Fo—Y DI CEREGHEEFH AN TETLVEL VR
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ERUVAICEDMMNEERZEDRER (1 ng~1 mg)

%

B R o

> BHERBAEROIE ! |
BN B ERET X v/ A0, B 3
HHEICE T EHEREEILRIC/HEHIE A
> BB (HE)DRE E
)]

MELHEINLHYSSLSICEEUZH

#H, TDELEEDFBERNFEFRMEMgZHY
mg=F=-—U
4 2 dz

T BN

DN =
)
()

oa
IS

EiiER

> BEQHE-L-TEEOEBEEE

- BRMME. BE WA STRDEO)
SOV DA M/NE B A B =

> SERIEED AN LN B RERVARER
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OIS LDFE

> 18894 [ZRfE SN - 1 B ERE %2 % (CGPM) TEER
FOJSLRBFIPK NEEDHMELTEERERINTLLEE,
K TRAROEHOCTSUIEHDAEREDITOIME
HDEELTEMEHIVERLEHTET,

> 2014F 11 B ICRAESN =5 25BICGPMIZHE LT, 20184 (C
FEFEDFE26ECCPMTH AT S LD EERRENEH
NBHEITEo =, RIRITNIX130FESYDKLTE.

> TV EREEELT DM/ NEEFTAIA A EE
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