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Redefinition and Realization of ampere by Fixing the Numerical Value of
the Elementary Charge e
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It is often overlooked that so far, there has been inconsistency between the definition of the ampere in Sl units and its
realization. For instance, the ampere is defined based on the classical Ampere’s law, while its representation has been
made through the Ohm’s law, that is, the ratio of the Josephson voltage to the quantum Hall resistance that do not belong
to the Sl units. However, in the revised S| units that are slated to take effect in 2019 on World Metrology Day, 20 th of
May, it is significant to note that the ampere will be defined as a flow of electrons with the numerical value of the
elementary charge fixed. In this instance, all three of the electrical units, such as the current, voltage and resistance will
become defined on the basis of quantum physics. As a candidate for the quantum current standard, the various types of
single electron pump devices are reviewed in relation to the redefinition of the ampere.
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NOMENCLATURE NIST = National institute of standards and technology, USA
NMI = National measurement institute
CCC = Cryogenic current comparator NPL = National physical laboratory, UK

CODATA= Committee on data for science and technology PTB = Physikalisch-technische bundesanstalt (the national

CGPM = General conference on weights and measures

CIPM = International committee for weights and measures
IDT = Inter digital transducer

JVS = Josephson voltage standard

KRISS = Korea research institute of standards and science
LNE = Laboratoire national de métrologie et d'essais (French
metrology laboratory)

MIKES = Centre for metrology and accreditation, Finland

Copyright © The Korean Society for Precision Engineering

standards laboratory of Germany)
QD = Quantum dot

QHR = Quantum Hall resistance
QMT = Quantum metrology triangle
QPC = Quantum point contact

SAW = Surface acoustic wave

SEM = Scanning electron microscope

SET = Single electron tunneling

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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SI = International system of units

SINIS = Superconductor/insulator/normal-metal/insulator/
superconductor junction

ULCA = Ultrastable low-noise current amplifier

UNSW = University of new south wales, Sydney, Australia
A = ampere, unit of current

T, Toump =
P = Power of rf in unit of dBm
aA = Atto ampere (108 A)

e = Elementary charge

fA = Femto ampere (10"° A)

Jfm = Maxiumu operation frequency

Pump current

h = Plank constant

m = Meter, unit of length

nm = Nano meter

pA = Pico ampere (1072 A)

ppm = Parts per million

rf = Radio frequency

s = Second, unit of time

ux = Measurement uncertainty (random)
up = System uncertainty (systematic)

ur = Total uncertainty

8, = Figure of merits for single electron pump
I = Electron tunneling rate
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Fig. 1 Various types of single electron pumps; GaAs/AlGaAs-based
QD pumps by KRISS, PTB and NPL. Si-based QD pumps
by NTT and UNSW. SINIS pump by MIKES>!*
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Fig. 2 Progress of single electron pumps
Table 1 Status of quantum current sources
Types NMI Output Accuracy
NPL® 100 pA 2x10°
GSSS KRISS® 80 pA 8.6 x 107
PTB’ 100 pA 2 x107
Si NTT® 1 nA 2% 107
QD UNSW’ 160 pA 2.7 x 107
Metallic NIST'O! 1.6 pA 1.5x10%
SET PTB!>! 4.8 pA 1.9 x 10°
SINIS MIKES/NEC" 100 pA N.A.
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Fig. 4 Left; back-tunneling process during the capturing stage.
Right. an example of fitting the decay-cascade model (red
solid line) to the experiment data. <r>= I, n,/ef "
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Fig. 7 (a) NPL precision measurement configuration to evaluate the
accuracy of the electron pump device. A combination of a
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detection technique process for pump operation with /= 0.7
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Fig. 13 (a) SEM photo of a SAW pump device, (b) Photo of QPC.
(c) Ilustration for the SAW-driven quantized charge
pumping across the QPC potential barrier, (d) An example
of the observed quantized current as a function of QPC-gate
voltage®>3*

Fit (nonequilibrium) |

1GHz\ /~
0 &= | Il Il 1 =
-14 -12 -10 -08 -06 -04
Vexr (V)
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APPENDIX

A1, X} Eat Sa)

Fig. Al A a3P 5 Hojae A a9 25
B Qlet. AEnfo] 8 37]9] 22 wA|(EAH T FA
AyE As3hs ok FA1Q) AAAEER FE)E Alolol| Far
e o] qloja] HARe| A Byt 7hssict. 1EaL, Aol
Aol SJafial FA L] AR} oA ER7E AlolE 4= et EA)
o] ABnto]az 7|82 ol H, EAHe] FFNHA| E. =
eRC7E FAT 4= & AER AXA HojA, HIoA =A41-
O 2 AL N Bl W E, 2719] ofux|7t 712 P ast
o} whba] A=e] #HZ2nje|R] £919] Axbe mAI o R £
7} SafEls dde] skt [Fig. Al(b)] ol @ 2%
B4 @Y = S anEta gich A9 ofjuxE E B
th ZolA AAE EARoR Rt & == QAN Aol
Aol oJafia =AH L oUx]E1E Alofste] Fig. Al(c)ollA
A Axpe] Fakg 7FssHAl & = Stk wheka] T1RoflA B
AEle] Ql5zo] AlO|E HQtE HSHAZ|H Ao A Aefet
AAA] S HHESHA E=d [Fig. Al(d)] ol @4= 284
solehL gt E5- 84l Al YsiA =AI ol EAek= At
O] = FASHE AL AAF B Aol AR} Fe R FakE
o} wheba] Alo|E S -3 Alojste =A-L] AxF NS
AR Alofsl= Aol 7hssict. -, ol2gt ©hA; £t &
I7h AAR LA YeliMe Egt @oux|Ech #Hokskal
(E.>> kgT) T3 A1) ol |q7] &907F & Fojd A= Fat
Aelo] Ago] Aogtthis ZAR >> hle’)o] WHEE|ojof Fict.
a8, AlojE Aol oJsiA AxEE g WY Alojshs Aol 7t
Fafzlct.

(a) SOURCE DRAIN
DOT
e
:, GATE
insulator conductor

G
(d)
Msulator ins Iat%sulator/ \
| v

Fig. Al (a) Schematic diagram showing a single electron tunneling
(SET) device. (b) Electron tunneling is blockaded due to the
charging gap energy E.. (c) Electrons can tunnel through the
QD when energy levels are aligned. (d) SET can be
switched between insulator and conductor states**

A2. X MF H|u7|; CCC

AL A= ¥|17]|(CCC, cryogenic current comparator)= $t
wo] mel@A%: > 10 3)o] B2 134} 2 2 A7 A 7]
o] HlgE 107 olalz2 AHeelA AT ol AA|o|th(Fig.
A2).% CCCE o]2 ZAalr] 938l AT MAQl 2HE o=} 7+
] 7] (supeconducting quantum interference device, SQUID)E
ol gstHE W2 2%, dtA o g WA FF 2= (4.2 K)olA &}
B3 B YEls 2AEA Q) A& A1 Y] (Meissener Effect,
uo] v FIhE ol43le). Fig. A2, = 7o) wAle] Zk2t
A% 1, b7l 20% BH e BEAN 52 0 ol
o Slallxl A71go] SRk, vlol Ay FTujRo] A7)4E
2AEA] FHo| e FHT 5 glouw, & 2UE Fueol b
WiolA A drt 00] Hies, 257 AR rF IHAY F
B 2AER BHew fEdt $EE A7 Az i+ bol vlds
=0, I 75 SQUID MM = Z7d3itt. SQUIDS| 2% H&E
FUE AHgelel Frol EW ARE 24 4 otk

QEF Fig. A2(by =Yl BS 2he APl CCCo +2
£ HolFal Stk Ny, Myo] A& g XS 2he Y &
ol A7 I, L 7F 3aEHY, 2HE #HORE A A AR
I=NI, - NoL7F 0L, 28 79 A7]= SQUID AA =
S "o} webA 1= 07} Hes AR7e) 27 1, L Ao
, 2ol 32 AR L/ Bl&S e BESHA o2t

o] 4% 4= Qi
L/I,=N,/N, (AD)

JeER CCC FAE o]8shd, AUl Fd== A7 H
22 | sl SQUID AlAE o] gslo] 243t

gk ope}, A vl oAk e REEE
2~ o)k AR, 14 bit CCCO) 7%, T4 A= SRS L)

(@)

Superconducting tube/shield

A—F

SQUID magnetometer

Squid pickup coil
Set at toroid center

N turns

W
A4
N Screening

current /

Screening
current | = Nolo-Nil4

Superconducting tube/shield

Fig. A2 (a) Cryogenic current comparator (CCC) operation principle.
Any magnitude in the currents carried by the two
conductors /; + I, causes an equal and opposite screening
current / along the surface of the superconducting tube
cancelling the net magnetic flux inside the tube material
(the Meissner effect). In reality, this screening current is
distributed around the tube and the diagram only shows a
representative path. (b) Practical structure of CCC and
superconducting quantum interference device (SQUID)
readout system*®
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