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Fig. 3. The principle of watt balance. (a) Force phase;
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F 1 REMGERRF 5 EBRFEAT 0T L5
Table 1. The years spent by the joule balance and the Kibble balance groups.

SEIG K107 1078 MY ILFEE  BEHE R RES TR B R MR A E R
2009—2014 5 M 107 Fl10~8
&KX NRC
2014—2017 3 M 1078 3] 10~
FE NIST (NIST-4) 2011—2016 5 U =13x10"8
2001—2014 13 U =31x10"7
V%E LNE
2014—2017 3 U =5.7x10"8
1997—2011 14 U =29 x 1077 (5 1/03%H)
i METAS
2008—% 10 AR R R (5 2 A3 E)
HEprit&)5 BIPM 2003—% 15 AR R R HARE
— =% MSL 2009—%> 9 AR KR HAE
1% [ KRISS 2012—% 6 AR KR HAE
+HH UME 2014—4> 4 U =6 x106
2007.1—2013.5 6.5 Uy = 2.6 x 10~ %(NIM-1)
HrE NIM 2013.6—2017.5 4 Uy = 2.4 x 1077 (NIM-2)
2017.6—2019.12 2.5 (TiH) Ur < 5x1078(NIM-2)
YT T v A 1 B ET LI T T AR 1R R A LN ZELS R

K, 2012 4F, A M 2EAIATI (Nature) 21 51 Ay it
FANKERFE A 7 — O],
ﬁTH%%ﬁ%ﬁhﬂﬁW
CCU, [HPrfl 8% =
for Science and Technology Task Group on Funda-
mental Constant, CODATA TGFC) %3k % [H 2 i
7E2017 47 H 1 HZ i 7 { Metrologia) #2758 & & £
P, SCEDLAUE S FATRIVE R R A B . 1R
B2 A/, InZE K NRC. 2 [H NIST. % [F LNE Al
FREAIE AT I 5 B I E LS R, TACHIH
A NMLJ 43 A3 28 7K BT IBREBRI & Ny El’aé*
B E R R R B 5T 2 R R R A
SR, H 1990 4E LUK, %lmﬁﬁﬁﬂﬁfiﬂ@%ﬁ
XM B v B R AT B A R R 4 TR,
A 1B R AS BB ARG AN 58 BEBOR, A E 5%
/I, Bl CODATA 7E s 4 2=, XA T
H 2011 4 LRAR X A€ BE/ANT6 x 10 8 (1 A
AR DL N 5 B, (HAE, BARYECR A %
WHIAH LS T 10 8 &%, HEEZ AR —2
PEAELE IR, N T BRI AP — 21, CODATA ¥
PR SRS T — AN LT R T, £2N8

A [ € B 04

(Committee on Data

K6 s T CODATA 2017 5 4K H B %
W S EE IR T R & B O R AN — B
PE, R FTCR AR R T — 1L Ty RE T
(KB, D& RV J)7%; XRCD, FEEKITZ).

> NPL KB 1990
F———®——— NISTKB 1998
H—®—— NIST KB 2007
———®—— NPL KB 2007

—— |AC Si28 2011

METAS KB 2011

NPL KB 2012
+@~ NRC KB 2015

* LNE KB 2015

| |AC Si28 2015
+——®—1 NIST KB 2015
—®— NISTKB 2016
H8-NIST KB 2017
@ NRC KB 2017
—— NMIJ Si28 2017

HH |AC Si28 2017

NIM JB 2017
——®—— LNEKB2017

-60 —-50 —40 —-30 —20 —10 O 10 20 30 40
(h/hoo14—1) X 108

B4 H 1990 4 LIk e & H h 24 RE KB,
Kibble Balance % K F; JB, Joule Balance fit & K F;
Si28, fEERT %

Fig. 4. The measurement results of h obtained since 1990.
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N4/10% mol—1

6.0221415 6.0221410 6.0221405

| —e— Kibble balance NIST, 2017 —e&—i
—=— XRCD LNE, 2017
NMIJ, 2017 +—a——

IAC, 2017 —=—
NRC, 2017 =
IAC, 2015 —s—
NIST, 2015
] IAC, 2011
6.6260690 6.6260695 6.6260700 6.6260705

h/10-34 kg:m?.s—!
5 [ 2011 4 LLRARXS A E AT 6 x 1078 ) b W
BER
Fig. 5. The measurement results of h with an uncer-
tainty below 6 x 10~8.

#2 CODATA 2017 %f h, e, k 1 Np HIF2ZEE R
Table 2. The final adjustment of the values of h, e, k
and Np by CODATA2017.

Quantity Value ur(k=1)
h 6.626 070 150(69) x 1073% Js 1.0 x 10~
e 1.602 176 6341(83) x 107 C 5.2 x 107°
k 1.380 649 03(51) x 10723 JK—! 3.7 x 1077

Na 6.022 140 758(62) x 1023 mol~! 1.0 x 1078

—e— XRCD IAC-11

—e— XRCD IAC-15
e KB NIST-15
2 gl KB NRC-17

e XRCD IAC-17

e KB NIST-17
—e— XRCD NMILJ-17

F———e&—+ KB LNE-17
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1 | 1 |
6.8 6.9 7.0 7.1 7.2 7.3

[R/(10-34 Js) —6.6260] X 105

Kl6 CODATA 2017 fe& R H K135 B v Sl & s
Fig. 6. The data used for the final adjustment of

hcopaTa-17-
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BHEA B T o 5 LR A [R] (9 77 S8 5% A —
BB RETHT, B ERERFTRERT
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Uy

B7 R RTEEIE  (a) WY (b) Rt
Fig. 7. The principle of joule balance: (a) Force mode;

(b) mutual inductance measurement.

Horb, o m N EE ) R g N E I MO
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AN B A oy TN, oAt 25 TN 55 2 el e 7
FSALE 2 M2 AR, TRAEIESERE S ™4
0 2l 2 1R 25 AE AR B, I AR M T 3 v D) o
FZ. (1) Aot — A Re T, pr bR T AT
FRTI B 45 K  BE B R FL (R AR H R T2, Joule
Balance).

A8 TR B A S rp A B R S R AR el TR
L7 ) B AN AN [R] A7 B 5 350l 2k el ) LUK,
HIRN RAEFSIRS A E#ATIE. K, fEeE
KPIES, WAL S, @0 7%
KAFT7 RPN ME SN 2 m . 958, S
AP PE, BEE R HA B CRIXE AL &
BORGE BE B R J7 R A A S8, (HAE 2007 4F
R, EIRGI AR AN E A N 10 S Bk, 1)
FRAFHI 52 i # Kibble 18 4 5t % om 1 848007 i A
2R, (RS2 IR T U AR K i s s, 18
REEL R J7 &b, Pl B HBME N ELR BLRE. —
2H S B ) EL B2 Pl AL P R S R U (B EL R 2

H5HEESHAE R, MErEh AMUSE 5HE®
TRIESS VR 53, S AFTE 5 0h v I 1R AH g BEL 12
gy, T H., X585 [\ 3 A S 8B A DSk
MR ZET. 1% 1 22 T 2 B 25 A% 1) 538 T e A, D
TEAS [ (A 26 R 459 20 0 R R ACR AN 1. T AR
FRe R R P MER, FEAIERLEEM. K
Uk, e A b 43 B BT AR 1 LR LB R T
HAZ . T O LRI R AT R I S
WAL, BEE K PIUH 455 He 1 ARARM 2L
7 ELER SRR v T A R i ELER, A AN
SEFENMIEF43 %10 T (k=1)PIA22%x 10 7
(k= 1) P9,

2007 4F, AEE R FI0 H AP A e B R T R LG
EZE B (NIM-1) FIRFI, AR T — 251K
S, B EELR B EETE R P — M. &1 8 B R4k Bl A
W s B, R T b AN B )
P R IR P A (A 3 51 XA R T ARG X

B8  AEmRFIRLe s B NIM-1 s O - R4
Fig. 8. The suspended coil and the exciting coils of
NIM-1.
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450

P9 R s ) o i 1 e T P

Fig. 9. The cross section of the electromagnet and the magnetic path.
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B 10 Firais 9 B0t f0 e R O S BRI,
55 /A el LN B SO B R D

FEIE 10 (a) Bros B A s, SR R
PG L e 2k Pl AN FLUAT, 0t AN D Rk A,
L TG E A7 3, AR B ATIRES. AR
JEAEA N ERERD, [5 i 25 70 0] 1) s 2 BElE N H,
T AR AU, (A5 R A B P AR
I, BRI H ) mg 5 I AR P, SR A,

oy

o m NRERS R, g N E TR, o A REE,
z NN T (R REAA) B K REAR PR E AL L, T
Dy 2 B T R, A f. NFERSE ) 5 HEE I
Z{H.

K10 mEERTHEXEENFEIEREE  (a) W
K (b) WiHEZER

Fig. 10. The principle of joule balance: (a) Force mea-
surement phase; (b) the flux difference measurement

phase.
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11 fRER PRI E A E (NIM-2)
Fig. 11. The structure of the joule balance NIM-2.

K12 REER TSI iR E S
Fig. 12. The apparatus of the joule balance NIM-2.
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2.4 x 10 7 (k= 1) P ARG 8 BEVPAL 1 Bl LR 3
201745 H, T H 4K b ah Rk R E bR 2R
TR AR AT Metrologia ), Wl & 45 4 CODATA
SRR PR, {H CODATA 4 W R A E
FE/NT 6 x 10 8 %, TR il =5 R T
2017 £F & 185 B 7 o T 22 .

3 BER PRI B 0 H BN AN E A R
Table 3. The uncertainty budget of the Planck con-
stant obtained by NIM-2.
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3 Jo LA 45
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Abstract

Kilogram, the unit of mass, is the last one of seven base units in International System of Units (SI) which is still
defined and kept by a material artifact. 1 kg is defined as the mass of the International Prototype of the Kilogram
(IPK) kept at the Bureau International des Poids et Mesures (BIPM) in Paris. One of the major disadvantages of this
definition is the fact that the amount of material constituting the IPK changes with time. Because a more stable mass
reference does not exist, the variation of IPK is completely unknown so far. The International Committee for Weights
and Measures (CIPM) recommended redefining the kilogram by fixing the numerical value of the Planck constant h
and called on every national metrology institute to study the measurement of the h. To avoid possible system errors
from one method, more experiments especially based on different principles are expected and encouraged for the final
determination of the Planck constant. The CCM required that at least three consistent results should be obtained before
the redefinition. Since 1970 s, the Kibble balance (also known as the Kibble balance) experiment has been used by a
number of national metrology institutes such as NPL, NIST, METAS, LNE and BIPM. The TAC including the PTB,
NMIJ and NMIA used the XRCD method to measure the Avogadro constant. To make contribution to the redefinition
of kilogram, the National Institute of Metrology of China (NIM) proposed a joule balance method in 2006, which is
also an electrical way but different from the watt balance method in that the dynamic phase is replaced with a static
phase to avoid the trouble in the dynamic measurement. The progress of these approaches and the current situation
of the redefinition of the kilogram are presented in this paper. In 2013, a model apparatus was built to verify the
principle of the joule balance. Then NIM started to build its new joule balance aiming to obtain an uncertainty of 1078
level since 2013. In Dec. 2016, the new apparatus was built and could be used to measure the Planck constant h in
vacuum. In May 2017, the measurement result was submitted to the Metrologia and accepted by the CODATA TGFC
as the input data. However, the measurement result has an uncertainty bigger than 10~® and was not used for the
final determination of the h value. At present, the joule balance group of NIM, together with the Harbin Institute of
Technology, Tsinghua University and China Jiliang University is still making great efforts to improve the joule balance

apparatus. The uncertainty of 1078 level is expected to be achieved in the next two years.
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