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Quantum metrology triangle with
cryogenic current comparators

Yuma OKAZAKI

Abstract

Quantum metrology triangle (QMT) experiment was proposed to verify the consistency between the three
individual quantum phenomena used in the current electrical metrology, Josephson effects for the voltage
standards, quantum Hall effects for the resistance standard, and single-electron tunneling effects for the current
standard. An essential component to realize the QMT concept is a high-winding-ratio cryogenic current comparator
(CCC) with a superconducting-quantum-interference-device (SQUID) used as a readout-circuit. Combining the
CCC-SQUID-readout with QMT concept allows us to compare the three electrical quantities with extremely high
accuracy that is otherwise unattainable. In this paper, current progress of the QMT experiments as well as the
basic concepts of the SQUID and CCC are reviewed. Moreover, equivalent noise models of the SQUID and CCC
are examined in order to understand the origin of the measurement uncertainty in the QMT experiments. This

paper will provide a guideline for designing and constructing a measurement setup for the QMT experiment with

unprecedented accuracy.
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BdHEy 77y AL VOSMREKEY HR L. TH
CCCOBEE v a A ¥ IVF 2— 7 EEHENLERER
THY ,Loge (FF2—THHFOHCA ¥ 575V ATH
5. L ¥y Ty TaAaf{VOHCA ¥ ¥ 7Y VAT
HY MIFEy 7y Tafne ruaf FvFa—7
DEOMEA » 5275 A THY) M=N,L, Ths . [F
FelZ, L& SQUID DAL » 52 5 v ATHY , M, T
SQUID v — 7 L&A LT b . Lgg 1 SQUID v — 7
HYOHUA Y525V ATHD .

Z 2T, Loge V& CCC b1 A Z 0 DAL TR
HEL 22 ENTMRETH S ¢

Leee = yoa[ln(8a/ r )_ 2]
CIT,r=WH/zTH Y K87 A =5 1EH13 (b) T
EFRINTWE ., —HEy Ty 7afnid, K12 s
L1383 (b) WWRENH L), FEATNVF2—TD
W 272D ifho 728 E BN, OV L/ 4 FElo a4
VTHbH. BHZEHTHNE, VL /A FOHETA ¥ ¥
78 Y ADBRADPS L, OBEITEPN LT TH L0,
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BIZEARTHL PIA T IVTF 2 —TOEMIE LI >
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LoTVU L A4 FEREDMED SITRIFICBIES U,

L =L (1-k")+kN; L (3.25)

THEBEND  E—HIE, L, 2V L /A FREOHCA
VETE Y ARE LR ERIC K o TEDREAS V¥
I IDVINEL o hEE525KTH LA, ERIZIEIZL
AEK'=1THY , aAVHFOHTA ¥ ¥ 7 ¥ v Ak
BEACEBRINTLES>THARLS AL I L2 ERT
L. MEHIE, FOWERIZL > TH L EAHEIND A
YEYE VARG THDL . T kEEy s Ty S
ANWPED, IANVE bOASTVTF 2—TOREd [ X
13(b) MBI O E LT, kx1—d/b THBMENL DS,
oy o7y 7af4ndhog FFa—7ICHkD 72T
FEOTHIEICE o TEHWERERD L) I/EREND
LDOHDT, WEIOMIZIFEAE1THS . Lizho
T, ¥y 27y 7aAVOECA ¥ ¥ 7% v Ak

L =N L. (3.26)

THEBTEL RIS, HEA V575 v ALWIHR, Eit
DBFRD S

IM =1, (L, + L), (3.27)
I,.M, :(DSQ (3.28)
DBERZIBEN D . 22T, 0 g3y 27y 7adg
M2 > TES NS SQUID ~DOfER A %259 . 2h
SIZEDNT, ZOREEO TRV F =R T %K
DEIIEAT S .

V%Lllli

loeems 77—

5 (3.29)
%LCCC]
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[Cccz% L , N]I\i LCCC \/7 CCC/L
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(3.30)
8% . 2 2 TM=N,Leec 272, 2o
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Yy 77y 7aA VO Eix
opt _ Li
N, = Lo (3.31)
THH, EBEICEINC—FEVERTIA VEEC S
%l BRI TCICHALNTWE EHIZ, 200

FHDA =5 AEEHIND T LI 5> THED
IANF @R R LSS X (3.30) O
X, v o7y Taft VOBIKEEZ DT LIIEST
CCC & SQUID DRITA Y ¥ =¥y ABAXIY | 1%
ERFEEA RS LB T S . OO CCC
OEWN= % FHM$ 2w & L CRmREERL
o[ 2

oI NP M,

MEFRKEINDG . CORITHEFEHAMA - turn/ O (12X o>
T CCC OMREFEMIC VD (K1) .
CCCOREER AL 272012, ZORKTHRET S
BAMLMESMT 2 2 LB RNETH D | T ORFE L
LCld, 480 5 O S (2087 — A7 MUK
% So &9 5) £SQUID HE ML T 54

(3.32)
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F (Sa) Tho . ZNHOEGIT L BHH, COC O
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S S ext
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X o THIEN TS . 22T, Neee (=N,/N,) 133
ANDOEESHILTHY) CCC DOBIMIEMREIIHIGT 5 .
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WHIOHEA ¥ 50 5% v A My (&,

M M. = M, _ksq LLg, _ks

ST Ty sy - Vhselee
P 1 P P

SC

(3.34)
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L7223- T,

4S8 S et
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8s  Sa
=12 + :) : Necee
ksoLece  Lece
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B e BV TESN T, DD WBEEEIE
v QED LC LR Z# 5 | RE B EL O 1) Tt
HE—I 2 BESETCLEY EEIMESH 2. 20
M % S 5 72012, L OWF% ™ TiRikfiok X
ZCuNifz WA EICkoT, BEHNWICQELZ T
5T R% L7z CCC RS SNTWD . 2O T
B3 HHOa A VHIZS Y=V RO 0EEME
RIALFERRORELZ/NSL LTS

CCClEAAMNDEBEEHMTEMILIRE ZMETH S
B, buA SNV F 2 — T OBRED SR S o 728
BRI, ICEESE LD EDNH LY F0D

June 2016



EFA OO T — 547 v 7IVOBUR & SR

Wk 25572 CCC i, & & BIL O IERE S 2 555 2 44
BEZneDH . FOFHMICIE, ENVFT v TT A NBHWS
25 . PZIE, BEFHILITO CCCoEgE, a1 LD
BEBE1LTI1,1,2 4,10, 10, 20, 20, 40, 40, 100, 100,
200, 400, 400, 1000, 2000, 4000, 4000, 10000, 10000
DLDHR—20D CCCOHINEY ZTATEL . HIZ 11
DIAA NI UER A S EZZHT I LICLoT, 2D
RTWONHo>TNDH I EEMIET S . RIZ2ERD 11
BEIANVEZEINIOLRE 141 O I A VLT, 2 M
HBEIAANEOMTHELRIHMT 5 . Z OHEHGEEE Ik
M2 10000 B X2 24 VICEDL FTHDET I L1
LoT,CCCOBEHKILOHEXTMTEL I LA
5.

CochiiR
WAE

|- souipHiadER

NEABEIRHES
S

- sauie
it i
// =2

| Ewd Pl
mE N

cce oA AL
,/ )L (W)

pita e i

L7 =)L

R/ T—70-
| s

X 14 CCC mHERFEMAM . R R I X B O E T
WGBTS B 720 S = u A OB Y — U F LB {REk
DSEE N E PR 2 BIREHA Y — IV FICE 55 ED
By =V FICRDTHERT 2 . BIZEAOWE 2 A M S
L7z, Y=V FEEREHIEANY 74 (42 K) THREAILT
WEEATS . BRI 23510 L7

INFTICHMEINTVLIEIHRIL1I T2 92D
CCCOIEEE, ANHHME 2R 1LIZE L O . @&
BIbo a4 VR & ARMEE SQUID OERHIZE D , &1
NS e ABSEETMET Sicoe BT E TV RHHRTD
bk .

FERSHF R IR EEHRE Vol9, No3

337

F1 BRI 1T2 I A0 CCC DILEK
i & XHL Sicee 8ece Ssq
(fA/HZ0.5]  [wA-twrn/ @ ] [ ® /Hz"]
Gay et al.”” 1:10000 4 5.0 6
Elmquistetal. ™  2:15496 10.7 3.75 5
Devoille et al. * 1:20000 3 5 3.1
Rietveld et al. *” 1:30000 2.1 2.3 15
Janssen et al. " 1:40960 05 10.7 3.2

334 CCC-SQUIDHHLZRAWVWAEFA OOV —
AT TIVDEE

I, 2N FE TIZitik L7 SQUID B &£ U8 CCC %
V72 QMT EEEAOREL L LT, QMT EB % 3
5 REREFICBIT 2 ERN ST LT L, BAN %
MEE R E L7 QMT EBROAHED? SICH L THE
T4 .15 (a) |2, CCC #Miidmmar L L THWA
QMT EEiDt >y N7 v &R L7, SET 226 D= T&
T Ty % MRS Nooe CTHIMR L , | TR —VH#E T (KHL
Ry LY. COMOREEERY Va7V VETO
FEERIE & NULL Mg IC X o Cheid 2 . 11 (b) 13
MR MEZEBETH Y, 6 FE L LS ISR
THRATZERMY , BEHETICHET 5. 209 BK
ELFGEFEONILCCCTRETLIEBMEETTH I,
b9 =2l NULLMHBOMSETH S . $72, Reee 13
CCClL KM A VD ATIILTH S .

CCCEEBLEN 1)

[y

BETFH—ILET
iR

e Viuu

Y
-
v, BV,
BI‘:CC NCCC’SET
RK Rl

BFA 00T — NI4T ¥ 7 IVERO S A
(a) BFAPOOY—bIA TV VIVERZHBEAMIIEL
g . Va7V YRR ET NI VU A ET
(SET) %#BRE)S 2~ A 7 0 issAHEEL LIdaBsh
T3 . (b) HMiEETIV. &M LARFTENIAT
YTV ERINT B K HTCIET AL, BEMET A KT

(a) NULL#& 88

SET:eer

(b)
5’&” % !ﬁié RCOC

X 15

TatIVRT
BEIER: R

2016 4F 6 H



A ¥ T TRz, CCC OBHLMEE S, AT
BHALS NS HIETH L EFRTHELNLERIES
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