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Abstract—The new definition of the kilogram based on the
Planck constant was implemented in May 2019. The National
Metrology Institute of Japan (NMLJ) will realize the new Kkilo-
gram by the X-ray crystal density method using a *8Si-enriched
sphere. An international comparison of the realizations of the new
kilogram by national metrology institutes was organized. As a
participant in the comparison, the NMIJ realized the kilogram
by the volume measurement and surface characterization of a
8Gi-enriched sphere. Details of the measurement results and
the uncertainty evaluation of the realization are described. The
comparison of the realization results with previous realization
results in 2016 is also provided.

Index Terms— Ellipsometry, Kilogram, optical interferometry,
Planck constant, silicon crystal, X-ray photoelectron spectroscopy
(XPS).

I. INTRODUCTION

N MAY 2019, the International System of Units (SI) was

essentially revised. Presently, all SI units are defined in
terms of the seven defining constants [1]. In the new SI,
the kilogram, the unit of mass, is defined by fixing the value
of the Planck constant. Under the new definition, it is, in prin-
ciple, possible for each national metrology institute to realize
the kilogram independently. To ensure consistency among the
realizations by national metrology institutes, an international
comparison of the realizations based on the new definition,
CCM.M-K8.2019, was organized by the Consultative Com-
mittee for Mass and Related Quantities. This comparison is
an essential step toward the dissemination of the kilogram
based on the individual realizations by each national metrology
institute [2], [3].

The National Metrology Institute of Japan (NMIJ) will
realize the new kilogram by using the X-ray crystal den-
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sity (XRCD) method in the individual realization in the future.
In this method, the kilogram at a nominal mass of 1 kg is real-
ized using a 28Si-enriched sphere [2], [4]. NMIJ has, therefore,
participated in CCM.M-K8.2019 and has realized the kilogram
by the XRCD method [5]. Details of the measurements for the
realization at NMIJ are described in this article.

The evaluation of the reproducibility of the realization is
also essential for the reliable individual dissemination of the
kilogram [3]. The international equivalence of the realiza-
tion by NMIJ was preliminarily confirmed in a pilot study
in 2016 [6], in which the realizations based on a fixed value
of the Planck constant by several national metrology institutes
were compared. The reproducibility is, therefore, evaluated by
comparing the results in this study with those in [4] and [6].

II. XRCD METHOD
In the XRCD method, the number N of Si atoms in an

Si sphere is counted by measuring its volume Vg and lattice
constant a. The number N is given by

N = 8Vs/a® (1)

where 8 is the number of atoms per unit cell of crystalline
silicon. The mass of the sphere mg is therefore expressed by

mg = Nm(Si) 2)

where m(Si) is the mass of a single Si atom. The relationship
between the Planck constant & and the mass of a single

electron m(e) is given by
m(e)ca?
Reo = — 3)
where ¢ is the speed of light in the vacuum, o is the
fine-structure constant, and R, is the Rydberg constant. The
mass of a single Si atom m(Si) is related to m(e) by
/X(Sl) _ m(Si) @

We)  m(e
where A (e) and A.(Si) are the relative atomic masses of
electron and Si, respectively. Silicon consists of three sta-
ble isotopes, 28Si, 2°Si, and *°Si. The value of A.(Si) can,
therefore, be determined by measuring the isotopic amount-
of-substance fraction of each isotope. The relationship between
m(Si) and 4 is given by

h 1 Ac(e) a’c
m(Si) 2 A (Si) Ry’

(5)
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Fig. 1. Surface layer model for the characterization of the 28Si-enriched
sphere in vacuum.

By combining (1), (2), and (5), we can express the sphere
mass mg in terms of 4 as

_ 2hRx Ai(S1) 8V

T Ae) a3’

The sphere is covered by a surface layer with the main
constituent of SiO, [4]. In addition, point defects are present

inside the sphere [7]. Equation (6) should, therefore, be mod-
ified to

(6)

ca?

2hRoo Ar(Si) 8Veore
Ae) a’

where mcoe and V.o are the mass and volume of the “Si
core” part which excludes the surface layer, and mgefci; is the
influence of point defects (i.e., impurities and self-point defects
in the crystal) on the core mass [7]. The mass of the sphere
Mgphere including the mass of the surface layer mgy is given
by

Mcore =

)

5 — Meficit
co

®)

The relative uncertainty of R../(a>A,(e)) in (7) is estimated
to be 4.0 x 1070 [8] and the value of ¢ is exactly defined
in the SI [1]. In our previous studies, Vs, a, and A.(Si) of
two 1 kg 28Si-enriched spheres were measured with relative
uncertainties of 2.0 x 1078, 5 x 107, and 1.8 x 107,
respectively, [7], [9], [10]. The new kilogram definition based
on h can, therefore, be realized with a relative uncertainty at
a level of 1078 using the ?8Si-enriched spheres at NMIJ.

Mgphere = Mcore 1 MSL-

III. PROCEDURE OF REALIZATION OF
THE NEW KILOGRAM

One of the two 28Si-enriched spheres, AVO28-S5c, was
used for the realization by NMIJ. Details of the sphere are
described in [7], and the values of a, A.(Si), and Mmgeficic
in (7) of the sphere were already measured [7]. The kilogram
can, therefore, be realized by measuring Vi and mgp of
the sphere. Fig. 1 shows the surface model of the sphere
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Fig. 2. Schematic of the optical interferometer used to measure the volume
of the 28Si sphere. The 23Si-enriched sphere and the etalon are installed in
a vacuum chamber equipped with an active radiation shield to control the
sphere temperature [9].

under vacuum derived by the International Avogadro Coor-
dination (IAC) project on the basis of the surface character-
ization using various analysis techniques [7]. In addition to
the oxide layer (OL), a chemisorbed water layer (CWL) and
a carbonaceous contamination layer (CL) exist. The CWL
is a chemically absorbed water layer that is still present
under ultrahigh-vacuum conditions. The CL is a carbonaceous
layer formed by different adsorbed gases and contaminants
originating from the environment during the measurement,
handling, storage, and cleaning of the sphere. These layers are
hereinafter collectively referred to as the surface layer (SL).
For the surface characterization in this study, the thickness and
mass of the SL were evaluated using an X-ray photoelectron
spectroscopy (XPS) system and a spectroscopic ellipsometer.
For the core characterization, an optical interferometer was
used to measure the sphere volume. A phase shift is introduced
to the reflection of the light beam on the sphere surface.
The volume measured by the interferometer is, therefore,
“apparent volume,” which is slightly different from the core
volume. The apparent volume should be corrected for the
phase shift to obtain the core volume on the basis of the surface
characterization.

A. Optical Interferometer

Fig. 2 shows a schematic drawing of the optical inter-
ferometer used to determine the volume of the 28Si sphere
by optical frequency tuning [9], [10]. A Si sphere is placed
in a fused-quartz Fabry—Perot etalon. The sphere and etalon
are installed in a vacuum chamber equipped with an active
radiation shield to control the sphere temperature. The pressure
in the chamber is reduced to 1072 Pa. A laser beam from an
external cavity diode laser is split into two beams (Beam 1
and Beam 2). They are reflected by mirrors toward opposite
sides of the etalon. The light beams reflected from the inner
surface of the etalon plate and the adjacent surface of the
sphere interfere to produce concentric circular fringes. These
are projected onto charge coupled device (CCD) cameras. The



KURAMOTO et al.: REPRODUCIBILITY OF THE REALIZATION OF THE KILOGRAM BASED ON THE PLANCK CONSTANT

fractional fringe order of interference for the gaps between
the sphere and the etalon, d; and d», are measured by phase-
shifting interferometry. The sphere diameter D is calculated as
D = L— (d1+d,), where L is the etalon spacing. To determine
L, the sphere is removed from the light path by a lifting device
installed underneath the sphere, and Beam 1 is interrupted by
a shutter. Beam 2 passes through a hole in the lifting device,
and the beams reflected from the two etalon plates produce
fringes on a CCD camera. The fringes are also analyzed
by phase-shifting interferometry. The volume is determined
from the diameter measured in many different directions. The
required phase shifts in the phase-shifting interferometry are
produced by changing the optical frequency of the diode laser.
The optical frequency is controlled on the basis of the optical
frequency comb, which is used as the national length standard
of Japan [11], [12]. Details on the volume measurement are
given in [9] and [10].

B. XPS System

The main component of the XPS system is ULVAC-Phi
1600C equipped with a monochromatic Al Ka X-ray source.
The pressure in the measurement chamber is reduced to 5 x
1077 Pa. A manipulator with five-axis freedom is installed
in the chamber to realize the rotation of the sphere around
the horizontal and vertical axes for the mapping of the entire
surface. Details of the XPS system are given in [13].

C. Spectroscopic Ellipsometer

The main component of the spectroscopic ellipsometer is
Semilab GESSE. Its spectral bandwidth ranges from 250 to
990 nm. The ellipsometer and an automatic sphere rotation
system are integrated into a vacuum chamber to characterize
the surface layer in the vacuum, where the pressure is reduced
to 1 x 1073 Pa. The ellipsometric measurement is carried
out over the entire sphere surface using the automatic sphere
rotation system. Details of the ellipsometer are provided
in [14].

IV. RESULTS OF THE REALIZATION EXPERIMENT
A. Measurement Sequence

From September to October 2019, the volume was measured
using the optical interferometer. The surface was characterized
with the XPS system from November to December 2019 and
the ellipsometer in January 2020.

B. Cleaning the Sphere

Before the volume measurement using the interferometer,
the sphere was cleaned by the same procedure as that used
by NMIJ in the international comparison of the diameter
measurement of a 1 kg Si sphere in the IAC project [15] and
for the pilot study of the realization of the kilogram [4]. In the
first step of the procedure, the sphere was washed with a dilute
aqueous solution of a detergent, during which the sphere was
rotated between the hands wearing nitrile gloves. Next, the
sphere was placed under a stream of water purified by the
Milli-Q Integral system (Merck KGaA). Finally, ethanol was
poured over the sphere. After cleaning, the sphere was stored
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Fig. 3. Mollweide map projection of the distribution of the diameter measured
from the 145 directions for AVO28-S5c.

in a clean booth overnight. The gloves were also dried in the
booth and were used to install the sphere in each apparatus.
Mizushima et al. [16] reported that the mass of the sphere
slightly decreased by the cleaning. To eliminate this effect of
cleaning on the realization, the sphere was cleaned only before
the volume measurement using the optical interferometer.

C. Volume Measurement Using Optical Interferometer

A sphere rotation mechanism installed under the sphere was
used to measure the diameter from many different directions.
The measurement directions were based on 145 directions that
are distributed nearly uniformly on the sphere surface [10].
The temperature of the sphere was measured using small
platinum resistance thermometers (PRTs) that were calibrated
using temperature fixed points in the International Tempera-
ture Scale of 1990 (ITS-90). The measured diameters were
converted to those at 20.000 °C using the thermal expansion
coefficient of the *8Si-enriched crystal [17]. Fig. 3 shows the
Mollweide map projection of the distribution of the diameter
measured from the 145 directions, where the deviation from
the mean diameter is enhanced. The peak-to-valley value of
the diameter was 69 nm.

The measurement from the 145 directions was performed
ten times. The total number of measurement directions was,
therefore, 1450. Between each set of 145 directions, the sphere
was rotated to distribute the starting point of each set of
measurements to the vertices of a regular dodecahedron.
Because the ten directions defined by the vertices of a regular
dodecahedron are distributed equally, this procedure distrib-
uted all of the measurement points as uniformly as possible.
The experimental standard deviation of the mean diameter was
estimated to be 0.15 nm.

The measured diameter and volume are the apparent diam-
eter and volume, respectively, which are not corrected for
the phase shift due to the surface layer. Table I shows the
uncertainty budget of the determination of the apparent volume
Vapp- The apparent volume was determined to be 430.891
2887(77) x 107% m? with a relative uncertainty of 1.8 x 1075,
The largest uncertainty source is the phase correction due to
the diffraction effect [18]. Another large uncertainty source
is the interferogram analysis. The uncertainty contribution
from this source to the apparent diameter measurement was
estimated to be 0.1 nm. Details of this source are given in
Section V-C of this article. Details of the results of the apparent
volume measurement in this work are provided in [19].
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TABLE I

UNCERTAINTY BUDGET IN THE DETERMINATION OF THE APPARENT
VOLUME, Vipp, OF THE 28Si SPHERE AT 20.000 °C AND 0 Pa

. Standard Relative standard
Uncertainty source uncertainty  uncertainty in ¥, / 107
Sphere temperature 0.62 mK 4.8
Interferogram analysis 0.1 nm 34
Effect of Gouy phase shift 0.5 nm 16.0
b domionof e yisun s
Relative combined standard 178

uncertainty

D. Surface Characterization by XPS

The XPS spectra were measured at 52 points distributed
nearly uniformly on the sphere surface. The 52 measurement
points were defined by dividing the sphere surface into small
cells of equal areas, and the measurement points were distrib-
uted individually in each cell [4].

1) Oxide Layer: The thickness of the OL was determined
by analyzing the XPS Si 2p core-level spectra, in which peaks
corresponding to the SiO; layer and the interfacial OL (Si,0Os,
Si0, and Si;O) were observed. For rigorous evaluation of the
OL thickness, accurate values of the attenuation lengths for
the Si 2p electrons in SiO,, Si;O3, SiO, and Si,O were deter-
mined using SI-traceable X-ray reflectometry (XRR) system at
NMIJ [20] using Si flat samples with different thicknesses of
thermal SiO,. Details of the determination of the attenuation
lengths and the thickness of each layer are summarized in [13].
The OL thickness was determined as the sum of each OL.
The average OL thickness at the 52 points was estimated to
be 1.26 nm with a standard uncertainty of 0.067 nm.

2) Carbonaceous CL: In the XPS C 1s core-level spectra,
peaks corresponding to the C—C/H and C-O bonds were
observed. The peaks were estimated to be from ethanol and
hydrocarbon. The thickness of the CL d¢ in Fig. 1 was, there-
fore, determined on the assumption that the CL was composed
of an ethanol sublayer and a hydrocarbon sublayer. For the
determination of the thickness of each sublayer, the densities
of the ethanol and hydrocarbon sublayers were estimated to
be 0.79(20) and 0.99(20) g/cm?, respectively, where the large
uncertainties were attributed because of the lack of sufficient
information to clarify the chemical composition of the CL. The
average thicknesses of the ethanol and hydrocarbon sublayers
at the 52 points were estimated to be 0.46(7) and 0.35(5)
nm, respectively. From these results, dcp, was estimated to be
0.81(9) nm. In addition, the density of the CL was estimated
to be 0.88(14) g/cm? by considering the thickness and density
of each sublayer. Details of the procedure to determine the CL
thickness are given in [4].

E. Surface Characterization by Ellipsometry

First, the measurement was performed at the same 52 points
used for the XPS measurement for the calibration of the
ellipsometer using the results of XPS. For the calibration,
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TABLE 11
MASS, THICKNESS, AND DENSITY OF SURFACE LAYERS IN VACUUM

Layer Thickness /nm  Density /gcm™  Mass/ g

oL 1.26(7) 22(1) 76.5(5.4)
cL 0.81(9) 0.88(14) 19.6(3.8)
CWL 0.28(8) ® 1.0(1)® 7.72.3)
SL 103.8(7.0)

9 Values from [7].

the following equation was used:

dxps = dsg + ¢ 9)

where dxps is the OL thickness measured by XPS, dsg is
the OL thickness measured by ellipsometry on the basis of
the surface model of a SiO, layer on a Si substrate, and c is
the calibration constant. ¢ was determined from the average
values of dxps and dsg measured at the 52 points. After
the calibration, the ellipsometric measurement was performed
at 812 points distributed nearly uniformly on the sphere
surface [4], and the measured dsg was corrected by c¢. The
measurement at the 812 points was repeated three times, and
the total number of measurement points was 2436. Between
sets of measurements at the 812 points, the sphere was oriented
to distribute all the measurement directions as uniformly as
possible. The average OL thickness on the 2436 points was
estimated to be 1.26 nm. The standard deviation of the mean
of doy, for the three sets of measurements was 0.01 nm.

By combining the results of the surface characterization
by ellipsometry and XPS, the OL thickness was estimated to
be 1.26(68) nm. This result is summarized in Table II with
those of the CL and CWL. The thickness of the CWL was
estimated from the water adsorption coefficient on a silicon
crystal surface reported by Mizushima [21].

V. SPHERE MASS
A. Mass of the Surface Layer

The mass of the surface layer mgy, is given by

msy, = mor, + mcr + mcewL (10)

where mor, mcr, and mcwr, are the masses of the OL, CL,
and CWL, respectively. The masses were calculated from the
thickness and density of each layer. The calculated masses are
summarized in Table II. The total mass of the surface layer
was estimated to be 103.8(7.0) ug.

B. Mass of the Sphere Core

The core mass mcoe Was derived from the core volume
Veore using (7). To determine V. from the apparent mean
diameter measured using the optical interferometer, the total
phase retardation on reflection at the sphere surface, J, was
calculated from the thickness and the optical constants of each
layer [18]. Details of the optical constants of each layer are
provided in [4]. The phase shift on reflection (6 — 7) was
estimated to be —0.0459(26) rad. The effect of this phase
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TABLE IIT
UNCERTAINTY BUDGET OF THE CORE MASS Micore

Relative standard

Uncertainty source Value uncertainty in #igore Source
Speed of light in vacuum, ¢ 299792458 ms! 0 [22]
Planck constant, 6.626 070 15x 1034 J s 0 [22]

Fine-structure constant, o 7.297 352 5693(11) x 1073 3.0x1071° CODATA2018 [8]
Rydberg constant, R~ 1.097 373 156 8160(21) x 10" m™! 1.9% 1072 CODATA2018 [8]
Relative atomic mass of silicon, 4,(Si) 27.976 970 09(15) 54%10° [7]
Relative atomic mass of electron, 4,(e) 5.485 799 090 65(16) x 10 29x%x 10! CODATA2018 [8]
Core volume, Ve 430. 891 2877(77) x10°m? 1.8%x10% This work
Lattice parameter, a 543.099 623 80(97) x 107> m 55x%x107° [7], [23], this work
Mass deficit due to impurities and vacancies, Mgeficit 3.8(3.8) ug 38x%x107° [7]

Core mass, Mcore 999.698 334(20) g 20x10°¢

451 mm
367 mm

x-ray interferometer |

229 mm

$98 mm

AV0O28-S5¢ AV0O28-S8c

Fig. 4. Locations of the two 288j-enriched spheres, AVO28-S5c and AVO28-
S8c¢, and the XINT in the AVO28 crystal.

shift on the gap measurement Ad was 2.31(13) nm. This
means that the actual diameter including the surface layer is
larger than the apparent diameter by 4.63(26) nm. The actual
diameter Dycwal is, therefore, obtained as Diycwal = Dapp+ 2
Ad. The phase shift correction to obtain the Si core diameter
from the apparent diameter, Ady, was determined as Ady = 2
(Ad — diota1), Where diora is the sum of the thicknesses of the
layers. The value of Adjy was estimated to be —0.072(53) nm.
The Si core diameter Dy, was determined to be 93.710 811
11(56) mm from Dcoe = Dgpp + Adp. The core volume
of the sphere, Vo, Was estimated as Vige = (7r/6)D§0re to
be 430.891 2877(77) x 107° m? with a relative uncertainty
of 1.8 x 1078.

From Vg, the core mass mqo.. was derived to be 999.698
334(20) g with a relative uncertainty of 2.0 x 107% by
using (7). Table III shows the uncertainty budget of the
determination of m¢we. The largest uncertainty source is the
core volume determination using the optical interferometer.

The relative atomic mass of silicon A.(Si) and the mass
deficit due to impurities and vacancies of the sphere, mgeficit,
were determined to be 27.976 970 09(15) and 3.8(3.8) ug,
respectively, by the IAC in 2015 [7], and no new measurement
of these two parameters of AVO28-S5¢ was performed. These
values were, therefore, used to determine Mo in this study.

As to the lattice parameter a, the Istituto Nazionale di
Ricerca Metrologica (INRiM, Italy) determined the lattice
constant of the X-ray interferometer (XINT) sample of the

AVO28 crystal to be 543.099 6197(96) pm [7]. Fig. 4 shows
the locations of the XINT sample and the spheres in the
AVO28 crystal. Because contaminants such as carbon and
nitrogen strain the crystal lattice, a contamination gradient in
the crystal makes the lattice parameter of the sphere different
from that of the XINT. To measure the contamination gradient,
samples were taken from the AVO28 crystal around the sphere.
The impurity concentrations in the samples were measured
by infrared spectroscopy. The lattice constant of AVO28-S5c
was then estimated to be 543.099 6219(10) pm taking into
account the difference in contamination concentration between
the sphere and the XINT [7]. In 2017, the lattice parameter
of the XINT sample was corrected to 543.099 621 61(93) pm
taking into account the rigorous evaluation of the diffraction
of the laser beam and the surface stress [23]. On the basis of
this correction, the lattice parameter of AVO28-S5¢ was also
corrected to 543.099 623 80(97) pm, which was the value used
to determine m o in this study.

C. Mass of the Sphere

From the core mass mqe and the mass of the surface layer
mgL, the mass of the sphere including the surface layer in
the vacuum, mgppere, Was determined to be 999.698 438(21) g
with a relative uncertainty of 2.1 x 1073 using (7) and (8).
Table IV shows the uncertainty budget of mphere.

In the previous study, mphere Was determined with a relative
uncertainty of 2.4 x 1078 [4], which was reduced to 2.1
x 1078 in this work. This improvement was achieved by
the reduction of the uncertainty of V... One of the large
uncertainty sources in the V.. measurement in the previous
study was the interferogram analysis to measure the gaps d;
and d,. The gaps were determined from the extrema of the
phase maps obtained by the phase-shifting interferometry. The
extrema were determined by fitting the phase maps using
the Zernike polynomials. From the residual of the fitting,
the uncertainty contribution of the interferogram analysis to
the diameter measurement was estimated to be 0.3 nm [4].
In this work, the uncertainty contribution was reduced to
0.1 nm by a rigorous alignment of the components of the
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TABLE IV
UNCERTAINTY BUDGET OF THE MASS OF THE SPHERE IN VACUUM nigphere

Relative standard

Uncertainty source uncertainty in Mgphere

Core volume, Vore 1.8x 10
Mass of the surface layer, msy. 7.0%x 107
Iljre(lsait)ive atomic mass of silicon, 54%10°
Lattice parameter, a 5.5x107
Mo defic duotoimpuriies 351
Mgphere 2.1x107

TABLE V
RESULTS OF THE KILOGRAM REALIZATIONS BY NM1J

Year Msphere / g Meore / g mst / g
2016 [4] 999.698 4571 999.698 3365 0.000 120 6
2020 (this work) 999.698 4383 999.698 3345 0.000 103 8

optical interferometer. This reduced the relative uncertainty
of Ve from 2.0 x 1078 to 1.8 x 1078, Details of the
improvement are described in [19].

VI. MASS COMPARISON WITH TRANSFER STANDARDS

Two 1 kg weights made of the platinum-iridium alloy
were used as transfer standards of NMIJ for the international
comparison CCM.M-K8.2019. The masses of the weights
were compared with that of AVO28-S5c¢ realized in this work
using a vacuum balance at NMIJ [16] in January 2020. The
pilot laboratory, Bureau International des Poids et Mesures
(BIPM), has already carried out mass comparisons among the
transfer standards from all participants. Details of the mass
comparisons are given in [24].

VII. COMPARISON WITH THE REALIZATION IN 2016

The sphere mass mgphere is determined from the core mass
Mmeore and the mass of the surface layer mgy , as shown by (8).
Table V shows mgphere, Mcore, and mgsy, measured by NMIJ for
the pilot study in 2016 [4] and those for CCM.M-K8.2019 in
this work. As shown in Table V, mgppere in this work is smaller
than that in 2016 by 18.8 pg. This reduction was introduced
by the decrease in m o by 2.0 ng and the decrease in mgy. by
16.8 pg. The decrease in mg;, was mainly introduced by the
decrease of the mass of the CL. In the realization, the surface
characterization was performed after the volume measurement
using the optical interferometer. In 2016, it was found that the
surface layer was contaminated by fluorine, and the mass of
the CL was estimated to be 37.7(5.9) ug [4]. The source of
fluorine was estimated to be the sphere rotation mechanism
of the optical interferometer, in which the sphere was lifted
by a cylinder made of a resin containing fluorine when the
sphere was rotated. Before the sphere volume measurement
in this work, the cylinder was replaced by one made of a
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TABLE VI

COMPARISON OF THE PARAMETERS USED IN THE
KILOGRAM REALIZATIONS BY NMIJ

In 2016 [4] This work
h/1037]s 6.626 070 040 6.626 070 15
R./10"m™ 1.097 373 156 8508(65)® 1.097 373 156 8160(21)"
Afe)/ 107 5.485 799 909 70(15)® 5.485 799 909 65(16)®
a/107 7.297 352 5664(17)" 7.297 352 5693(11)2
a /pm 543.099 6219(10) 543.099 623 80(97)

» Valuein CODATA2014 [25]
® Value in CODATA2018 [8]

fluorine-free resin Poly Ether Ether Ketone (PEEK). Fluorine
was not detected at all in the surface characterization in this
work, and the mass of the carbonaceous CL was reduced to
19.6(3.8) ug.

The change in mye is much more complex. In the pilot
study and this work, the values of some parameters used to
determine mq by (7) are different, as shown in Table VI.

A. Planck Constant and Other Fundamental Constants

The Planck constant / used for the realization in 2016 is the
Committee on Data for Science and Technology (CODATA)
2014 recommend value [25] and is different from that used in
this work. This difference increases mcqre by 16.6 g compared
with meore in 2016.

The Rydberg constant R.,, the fine-structure constant a
and the relative atomic mass of electron A (e) used for
the realization in 2016 are the CODATA 2014 recommend
values [25] and are different from those used in this work.
These differences reduce micore by 0.8 pg compared with m2core
in 2016.

B. Lattice Parameter

As described in Section V, the lattice parameter a of
AVO28-S5c used in 2016 is different from that in this work
owing to the rigorous evaluation of the diffraction of the laser
beam and the surface stress in the measurement of a using
the XINT. This difference reduces m e by 10.5 ng compared
with mcore in 2016.

In summary, the above-described differences of the values
of h, R, a, Ac(e), and a increases Mo by 5.3 ng compared
with m¢ore in 2016. The m o in this work is smaller than that
in 2016 by 2.0 pg, as shown in Table V. The net change in
Meore Detween the two realizations was estimated to be about
—7.3 ng. The cause of this change can be attributed to the
core diameter measurement. The average core diameter in this
work is smaller than that in 2016 by 0.2 nm, resulting in a
decrease of about 7 pg in the core mass.

VIII. REPRODUCIBILITY OF THE REALIZATION

The reproducibility of the realization was examined using
the national prototype of the kilogram of Japan. This prototype
is a copy of the international prototype of the kilogram and was
labeled No. 6 in 1889. The traceability of the mass of the No. 6
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TABLE VII
MASS OF THE NO.6, NATIONAL PROTOTYPE OF THE KILOGRAM OF JAPAN

March 2016 January 2020, this work
mep/ g? 1000.000 186(25) 1000.000 184(22)
meek/ g 1000.000 1880(105)  1000.000 1883(105)°

¥ The mass of the No. 6 based on the mass of AVO28-S5c realized by the
XRCD method in [4] and in this study. The value of the Planck constant
used for the realization in March 2016 is different from that used in this
work as shown in Table VI.

® The mass of the No. 6 based on the international prototype of the kilogram.

9 The mass was estimated on the assumption that the standard uncertainty of
the mass of the IPK is 10 pg

to the international prototype of the kilogram was secured
by the Extraordinary Calibration by BIPM in 2014, and the
masses of the No. 6 in 2016 and 2020 were estimated on the
basis of the international prototype of the kilogram using a
model for compensating for mass increase of the No. 6 [26].
On the other hand, the mass of the No. 6 was determined on
the basis of the mass of AVO28-S5c realized from / in this
study using the vacuum balance in 2020. In addition, the mass
of the No. 6 was determined in 2016 on the basis of the mass
of AVO28-S5c realized for the pilot study [4]. The masses
determined by the two methods are summarized in Table VII.
The mass of the No. 6 based on the Planck constant mg
in 2020 was smaller than that in 2016 by 2.0 pg. As described
in Section VII, the values of some parameters used for the two
realizations are different. Taking into account the differences,
the net change of the mass of the No. 6 between the two
realizations was estimated to be 7.3 pg. On the other hand,
the mass of the No. 6 based on the international prototype
of the kilogram mepk in 2020 was estimated to be larger
than that in 2016 by 0.3 pg. The difference between the mass
changes of the No. 6 estimated by the two different methods
is, therefore, 7.6 png. This difference is consistent with the net
decrease in m e described in Section VII and might be used as
information to estimate the reproducibility of the realization
by NMIJ. The realization of the kilogram from the Planck
constant in this work is the second realization for NMIJ. The
realization should, therefore, be repeated for a more rigorous
estimation of the reproducibility.

IX. CONCLUSION

The international equivalence of the realization by NMIJ
was confirmed in the key comparison CCM.M-K8.2019 [24].
In addition, the reproducibility of the realization was evaluated
in this study. On the basis of these facts, NMIJ uses the
realization technique to calibrate the primary mass standard
of Japan in the future. Further reduction of the uncertainty of
the realization is, therefore, necessary for accurate dissemi-
nation of mass standards from NMIJ. At present, the largest
uncertainty source in the realization is the apparent volume
measurement of the 28Si-enriched sphere by the optical inter-
ferometer. As shown in Table I, the largest uncertainty source
in the volume measurement is the phase correction due to
the diffraction effect. To reduce the contribution from this
uncertainty source, a new interferometer is being developed
at NMIJ [9], [19]. The relative uncertainty of the volume
measurement is expected to be reduced from 1.8 x 1078
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to 8 x 107 by the new interferometer. As a result of this
improvement, the relative uncertainty of the realization of
the kilogram will be reduced to 1.4 x 1078, corresponding
to 14 pg for 1 kg.
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