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Applications of quantum AC voltage standard

MATSUMARU Daiki

Abstract

The Josephson effect is universally observed in superconducting tunnel junctions (Josephson junctions) and

DC (direct current) voltage standards have been achieved using an integrated circuit of Josephson Junctions,

which is called a Josephson junction array (JJA). Quantum AC (alternating current) voltage standards have

been also successfully achieved by several national metrology institutes thanks to new operation methods and

advances in microfabrication technologies of JJAs. Additionally, the technology to generate quantum AC voltage

has various applications, primarily in the field of metrology. In this paper, previous studies on the application of

AC voltage via the Josephson effect are presented and their current statuses, issues, and prospects are summa-

rized.
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T, 4 TARHEPEH 2uV/VEHE 7o TW
727 ZOBIATONIZERTIE, ¥+ 7L—FKIE
D BB EHT0.62 uV/V R (k=1,40 Hz % 5
1kHz, V=10 V) Efif SR, 1kHz DTIZBIT R
e S O %R LT 5% . Pulse-Driven JVS % H
¥ Y )7L =% LOREBHIED T TWT, P
% FEERTIE 125 Hz TOMETHIEL S 7z ACAC DK
KO KM H» & H 50uV/V (0.1kHz 5 5 9kHz,
Ve =11.8mV) L HiE SN TV EY,

FERSTFCT D, ACPIVS 2 272 625 Hz 12 BT 5 * ¥
7L — ZBIERIT, RAHED S 1.3 uV/V K
(B=2, Vene=10V) Z#HEL TV 3", F72, PPG T
HESENVAYE, 74 V¥ A4 - FERELT
Pulse-Driven JVS # Bi&h3 2 & v 9 fFgE & #ids L T w
2% TVak7vrTLALPPGEEKNIHET D
CENTEBLDT, TEVE—F /A ADEEZH L
WA R EAH L. ZDJETIE, Unipolar (FEEL S
POIZEE D) HREIEE 60 Hz & 152.6 kHz O
(V-7 MBEERK1ImMV) THEETLZ EIHIL
TV,

3% NPL (National Physical Laboratory) T 7 #+ b
%4 F — FIZ X - T Pulse-Driven JVS # 838§ 5% > A 7
2 %M L, Unipolar 23tk % 3 kHz % 300 kHz
DR (Y= MEFERK6.30 mV) TERT LI L
I LT,

AC KWV b 2= —~OJcHIE, HETORETLIRE
FEIEEZ DL OOMBEFHEE b R ENTE L. KA
7 R T OREL T b, SREEFIEAE O AT )
EETHZHETCOREMKRELMESN TS, H1E
JED/NEVEE (V=10 VIZEE T) TIX, BEDOH
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FETH TR L L CofRE 2 T 2 L8R
%)

5.3 BMELTHEF (H—~<Jba>2/N—4—, TC) D

B AL ERE L R - ZCROBEIRE L THWT
TC OREEZMET S LT, FORYMELIEZT S
CEBMEETH A, TCIZLARIEDOARHEN S 2 mTR
RIS & > CRFliT 5 2 & T, KEZEHEEOAR
PS8 2EmETLIEDEZOND.

5.3.1 ACPJVSIC&k377O0—F

NIST T, ACPJVS Z i - K OBEE & L TH
W TTS (thermal-transfer standard = 7 B @ %3 .25 #2
WikR) OREEMEN IO, YakTy v rETiR
RELBREZBELRWVWED, v )7L —%256TIS
ICEMER T MG L, ACPIVS &4 v 7)) v 7 )R % H
WCEFY YT L= OMPELEE) TIVY A MIRIET
5ZETTIS OREEL Rz, ZOfHE, 10Hz 55
1 kHz O#PHTOERAHE? S 5512 w/V (k=1, F5)
EEE 100mV 225 1V) THDEHEES R, fERAR
W2E 2 TISKIEOAHE? S % T2 2 & ifF &3
(Vims=1V, 10Hz 7*% 100 Hz)*".

PTB T&, ACPJVS ZEJi - KiDEEIR L L THW
TTC OREEMEAAT b2, EBIREAENE %
Torlzk A, 1kHz \ZBWTHIERMED S A 1.7 uV/V
K Thorz (k=2). —F, 1kHz L EOREIZBW
T 220TC (hORLZFENHEEE) 12L& 2K HAE
WCRERTNDMER SN2 RS, 1kHz L ETOXR
TETEOARNT F EHREI > TV DH L ER 5.

FERWECIZ, TCIZ X BHIEAFFbN T 10 Hz
SR 0 JE R B D A Y. D o B GER N,
CNETFI LY TY IR EMFIENS A/DE
Bz & A EEMEA AT DN TE Y, AL S 20 pV/V
(TC @ 10Hz Fiil2 B1F 2 LD S 13 40 wV/V) THh o
7% ACPJVS 12 & % TC OB AMEDFEE, 10Hz T
1231 pV/V k=1, V=3 V) &9 SRS S 24
HaN, TERFTALD O/ S WAATED S CTRE I ED
fTbhiz, ZOBRIATONZERICL>T, 1Hz TOXK
P ZE 5 OYLEARTE D S 44 nV/V (=2, Ve =10V) 2%
Wi a e,

TCIZ L X E#ENER Y at 7y LV EEEETTD
L& oT, TCORIERAHENPSZ/NELTHI LN
T&5. SHEOFBEREHIUE, ThETLLHPV/VO
ANHEDETLHPRIETE %A 72 10 Hz 7* 5 100 Hz @
REEE, 3.1 yV/VORHENLE (=1, Vp=3V) T

AIST Bulletin of Metrology Vol.10, No.3

AL

BIETAZ EDERICR DL, ZDEHIZ, YakTvy
SR E WO IER, BEAFOEEDR IEAHE
PEEFYUETERTF Vv ViR TWAS,

5.8.2 Pulse-Driven JVS IC& 37 70O0—F

&0 ECREEE BT 2 R E AR EORHIE, F
{2 Pulse-Driven JVS 12 & - TfThN T 7.

NIST T &, Pulse-Driven JVS 2 X o T 25kHz 7» 6
10 kHz (FEREEE 50 mV 55 200 mV) O#HIFHIZ BV
T, TIS OB EREI TNz, ZTOMER, FERIE
100 mV Tl 134 uV/V, E&pfE 200 mV Tid 49 pvV/v &
VO EARE S Y EREEE LTHULRTYD
TC O E#METIE, 10kHz (AJITEE 6 mV) ¥k
BIZBIUT A D S Y183 uV/V 25 12 pV/V IR L
el ErWELTEY, JUEY a7y VBRI
Lo TEEMD A —1) v FHRAT) BN R o2
LCERELTw» Y,

PTB T474 4L T\ 7z Pulse-Driven JVS |2 X % TTS @
REAMNETIE, BELY) SNSRI IAF Ay M %
HwsZtTEEEHOE S 2H <L, 1 MHz
(Vams=20 mV) 12 51F % FR#EfR 2 % 10 000 pV/V 20 5
510 uV/V £ TIRB & 722 L G L TWwaY,

i NIM (National Institute of Metrology) T ¥
Pulse-Driven JVS |2 X % TTS O EZERELfTHNTH
D, 100kHz, 10 mV IZBIF B2 AMEN SN =y M — b
DO TIE, BZAHIC LB EERET RS KE LA S
FHRE R >TNDEY,

BEEORZSIEImVA—F—TiEHsb0D, TCOH
FEIEFPH I VTicd 2 B0 B P C O MFEDITh I T B
D, REEEAHE? S ORFIED ENTWE I P
PHZ5.

5.4 BhHERZE
W
pP= I/rms Irms COS¢ <6)

LEEND. BE, BROFENE Ve, Lms) ORI
B OWDONANZE % L L 72 JI5E (cosp) A3H22o T D,
PIZIEREIZIZARIES EWITh, AR CHESNLED
RT. MHCEN AR IN TV LDIZZOfEICER
L. BEPSOHIIZ

S = I/rms Irms

LY, WELTROBCES NG, SN BT, &
MR 7, WECH LCERORHA TR, #
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MTHBEEINZ W (BEICE-TLS) EHVHFEL
Q: I/rms Irms Sin¢
TERIN, IhzERHEHE .
$=P @
VBRI o TEBY), BHEETIIINS 3D
DOEEMELTWD. EBRIZIED/ATZ U N=—F—I2& -
THHLAEEEEROEE %, &L I Voltage
Amplifier, &% Transconductance Amplifier = f > T
HEWE L, Ui Current Transformer % I\ CTEIE 12
Wahiz EclESTTbNG. MESI N 2 DD
Sz R, (6) RICL o CTENZFHT S, V=
7V CRIRE AW TERERIEOERATTRRIC RS &,
BIVEREOFMHITH 2 LA HEIC R 5. BHBEEED
50Hz 75 60Hz THAHZ LHs, KEKkZ2EZETS
PJVS & 7= EIEEADILHDEA TV 5.

NS 3OoDfEIZIX

5.4.1 ACPJVSIZL377O0-—F

PTB OEJJIE#E T, TCIC & » TKILEE - ELD
FEE A KD, BEFTTENS 2 DOWILOMAHZENE
{75 T\ 5. PIVS # HWCELE O L FHI L 7
A YT —DIBEERIT) T & THRIE, S ORI E HiFL
TWwh, FhiAaERTIE, TELAE»SERTH S
BIEFTOARHED S A L pV/V 225 0.38uV/V (Vi =120V,
I..=5A k=1 FTEMLAZZEPHESNTNEY,
K54 5WEILIE, BESELTREL LEEBREZNE
N120V & 5 AICEIRT 2 BEOAFED S ARG Y M
VDD -T2 FOBRIATONIHE TR, 1.2uW/ (VA)
(Vems=120 V, Ino=5 A, E=1)" 2.5 yW/ (VA)
(V=120 V, I..=5A, 50Hz2*5 60 Hz, k=2)" & \»
5 RHED SIZET B AT REMEDS S S o,

NIST T, WM BT 2 ERENE % ACPIVS
DF ) FMEICL o TEEBRZI I ELTWAS,
EERIFTTbN - BIIRIEOERTIX, Bl -EE
L BEICERENBEROWBE PIVS 2L - TRE
WZH T ZMET AL ST, 1A 2 LTO
WMEZWEIZL TS, ZOFFETIEsinFDIRET
T RGH70, B BELONMHEEL KDL LD
T . COERIZE ST, ZhETT7TaW/ (VA)
M5 15uW/ (VA (V=120V, I..=5A 60Hz k=1)
THo AR ED, 1uW/(VA) & Higw 2 BRI
ozl ERHELTWAEY. BH YA TARHENIED
ROKRELZERL, V=120V, L..=5ADHT%#E
L7 DR TH 5.

AR R AEHRE  Vol.10, No.3

NIM (2B T b ACPIVS # w724 > 7V ¥ 7%
PITbEY, FFav s 4070 TEORENTD
1, ACPIVS D L7250 B & O EMEELE T
0.1uV LLF, AHAS0.1pyrad LFTH S Z LR S
7o, FOth, BIEHEIRDEAT S 60 Hz, Ln,=1A®
B 1 QI CER L ARHBEZHEL 2L 22,
INFE TOEIERE DB E D AHED S 1 2 uV/V
(k=1) ,fAHMEIETIZ 3prad (k=1) TH-o72h%, EBIE
HET03uV/V (k=1), frH#ETIE 0.2 prad (k=1)
LV EARE SN TN,

5.4.2 Pulse-Driven JVS &3 770—F

4+ — X+ 7 1) 7 ®» NMIA (National Measurement
Institute of Australia) TiZ%, Pulse-Driven JVS % T
EHHEIZBIT 203 AMET (FHRERS) OMAHZEN
EDVTbNEY. 2200V a7y T LA EHNT
18O MAHD #7% Al 2 M L, Z OfAHT % =i
WOFMEEZ GDROMEL.. Y AT LOHEET S
AREED S13 00022705 0.010° (k=2) TH-7-.

Vat 7y yEEEERHOEEEANOBH I,
BOR SN D M B 2o Th 5720,
FIZPIVS * W TiTbN T &, BIROBIEELY
SIS WAHEN S TENDFHEZER T 252 LAVRIN,
EBED T AT WEEDPGETON TN EEZ LMD,

5.5 {>E—42BH

A YE=F R (Z) LI, KB 5 IEIUS O
WHTHY, Kk (R) - Fy Xy y 2 (0 - A
YEr 5 VA (L) DIDGEHEIND, FNENDOE
WIFE KO —RIEHECTH 5= T LA — VKT
(Quantized Hall Resistance: QHR) (2 b L —4 7 )L 72 4%
iR O THEI» T b T D, EEOKRIEIZIE, A
YE—=F ATy VEREND TEAHV SR TW
5. UTICZFolkEzERT.

10D &H %79y VEEEZHEL, HEIKDS
N-BRETLL V/ Vs EEEHIOA Y E— 5 Y 2D Z;
EFHWTCRIMOAL D E—F VA Zy B RKDDB, TY Y
B ASFHARAE 2 oD ¥ ¥— ¥ ¥ ZIZHN B ERDS
HELCHAX) o/l &k XV EBRBBRTOETLE
V, CHERET . OB, MUNEEIROEBLEAV TV, D
EPFEIC D L) ICRET . PEHKEBICR 5721, 2
DOWNEBEV, Vs, 1V E—F VR Zg, Zy EUNERE
RDOBEIEAV OBEFRIZ
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o

AV

AN

o]
o]

Z
L= |

|:Coaxial choke

B10 4MTHEA ¥ g 27 v SRS EEE

Zs__Vy
Zs Vyt+AV

LR, AVKLI DL &

Zx
Zs

S /N—

AV "
nﬁ+ﬁj Vs

a9
Ve

EUTH e TE S, BEERNTIE, DToKIE
FPACRIEA T T\ 2%,

- APk BUEE 10 Q05 100 kQ (1 kHz & 10 kHz, #H
HILRATES S 10 nQ/QA — ¥ =0 HuQ/QA4 — ¥ —)
- M X v ) & 110 pF A5 1000 pF, 10 nF 7 5
10 pF (1 kHz & 1.592 kHz, 3t LR AHE 2> S 10 nF/F
F =% =75 10uF/F #+—%—)

- A %2 % :10mH %5 100mH (1 kHz & 1592 kHz,
MRHLEARTE. S 10 yH/H 4 — 5 —)

HIE, A Y E=F Y 2ZREICHWSE T v VOERE
JEWZ, Yat7y VEREEETER L 238K E A
7B OWFFER S 2S5O NMI TiThb T b

5.5.1 ACPJVSIZ&k377O—F

PTB T3, ACPJVS Z w7z 2 i DA v ¥ — ¥V A
WExIT-72%. 1281, 4TI -5 2

7y VHEOBEBBFEELE LT220 ACPJVS & v
THEEORERORRETL T 2 05E 88, 2 o0l
EHERATPEORIEIC 22 5 & 9 \ZIRIE & VAHE Z WS 5
JHETH 5 (potential comparison circuit). = D JFET
X, NI UV INOFGEEEL TR, KT

AIST Bulletin of Metrology Vol.10, No.3

FRALTH

DEFEOADILE L 2o Twh. 2O DERIE, £
NZNORIERNEZ 10 kQOWEKILTT ) v V&
&, AR E O R A 100 QO EIUCHE L %
Koy 7Ly T yTTTIEN)BDTH S (the
coaxial setup). D HETEET Y 24 VT v FIZLo
THAM ERIEZHE LTV A 720, SREEIZER Ik
DR HMET LI ENTETH L. ZNHDHIE
& 25 Hz 7° 5 6 kHz O TITh i, 2 DD FEERMERA
5kHz LLTFI2BWT 10 nQ/QD 4 — ¥ —T—HLTw5
ZEDIRE N

INFTOA v E—F 2 AL K
OSSR AW TEI SN TE ., KRIET 2 EHEK
HFHOILERIZ I D EER DY R A WEN % DA S 5
e, Vatr v rEEREER A TEREOREKTO
BHEIL Y LB T 2 P TIUL, RIET % FEPE
FOIERD D B T EDHIFETE 5.

BRI AB L

5.5.2 Pulse-Driven JVS IC& 37 7O—F
IVEVREEETOS =5y ZRENDIEHIC
(%, Pulse-Driven JVS 2 \» 5 1L C & 7z, NIST T3,
BIRET % Pulse-Driven JVS ICE &z 727 v VK
(Josephson-based full digital bridge: JB-FDB) % H\»T 3
DOEBENTLNY. 1 OHOERTIE, Ty A2
;of%fm%%ﬁwatﬁémzﬁm7uvV@%
L WP EIC BT 5 KT, 12.906 kQODIXHLIC
AR EFE% 1 kHz 705 20 kHz O #iH | \JOKO“C(E]J/EL
7o, ZORER, 0.05 pQ/QEKTO—H MR S N
200, It 10kQ), ¥v¥/8v% A (10nF), A
¥y (1H) ORBNEZ Zh T OMaED
#TITV, JB-FDB DR 21T ) EBTH -7z, HES
nizA v ¥—4% > A1 1592 Hz TEATT T 10 kQIZ %
LB EINCHRESN TS, IF1ISEL Kb,
LB OME Z TV, EOMROETE

A= Z/Zp/ 2, /Z) — TS/ Zp)

twoRTRkLZIETEDO—BEMEERL -
Zyg-pcp FHEELEDOA Y E—F U 2A%ET). WED
MR, EOREREOERTE SO v N TREAFEOAITIC
AT, —EOMBER AN ks vy o8
DORERBERBIERNTH 72, 3OHOEBRTIZZ
DEBLERL 2O, A V77 5 2 RAETEH O
(129kQ, 129kQ) & Fx,8 % (1nF, 10nF) T®
xRk, 2 22B0FEBREFARICE RO WL L
TN IO FLEF1L100R5 L9
1233 Hz Tl %47 o 7245 %, 0.5 pQ/QUANTco—E 1%
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WHEFR STz 1nF & 10 nF O L% & A 722013
FEDED 01 pQ/QOF — 5 —=ThH 72705, HFATV:
WESTIZ 10 nQ/ QDO F —F =L o Tz, Thb
OEBFEFR LY, JBFDB it 10 nQ/QO 5 TOIRILD
FERBIRAEESMECTELRT VX VEF LTSS
N0 7z

PTB 3 Pulse-Driven JVS # W /24 Y E— % X
MEANDOISAM TN TS, 25T, 220
Pulse-Driven JVS & QHR # W21 EMAH T v ¥ %21
EL, ¥V VADOMEERIT>TCRY. 0T
Uy VO S 1233 Hz T 8nQ/Q (20mV) & 7o
THY, WENGE L7Z100F OF v /8y 5 v ZEHD
ZEEEEODL L, GHAHENEH1390F/F Lo T
Wiz, AL 10nF OF v/8y & v A% 2 E Cff
b TWziHE5ES: (Inductive Voltage Divider, IVD)
W7y VT nF OE#EZHWCHELZE S
5, 220071) v I TI3nQ/QLUNTO—EMN R 57,
FOBIATONIZERTIE, 2200V atk7vy 7L
FRAITE) ETr7aA M—2 &5 L, HlD
NWALY REFX N Y AT v TV EDE%E 10 nF O
¥y v AREERLOUEIZL > TH-> 727, 20
FER, 246 Hz 75 5 kHz ¥ TOEFREH 0.1 pF/F O F —
¥—T—3%L, 20kHz ¥ TORRIIpF/FOF — 5 —
T—H L7 (Vm=75mV).

WERDA Y E— 5 ZEHTIE, RPH R(CHH O,
R C, CHHLLERDLI-DIZENENFIDOE Y b
Ty TREEOREBICBOTOAFEHLTEZ, Vs
v 7 yBIAEEY AW CERO R, TR 7:
TRBEEZER LA Y =5 AMERITHIZ LT, 1
SOT) v VTEBEFFRE N N—F5E (TCDS »
V=5 AMEREHTH) LML RS,

56 Ya VYl /A XBESELIUCRILVYTOEHRD
RE
SIZsE (20194F5 H 20 H) LARi o #) 3=EE O HAL

rver (K) i3,
s (] P

 Trer H ’;O

ref,
Digital Voltage
Processing element

Reference R
Source

Switch Amplifiers

11 Yarvy 4 7\\251,%3.‘.[68)%2}%(:{‘51&1.

AR R AEHRE  Vol.10, No.3

[ESFREDOHAL, VY Vi, KO=ZFEEOES]
FIED 1/273.16 TH 5.

CEFREN, KOZEEIL, MM KE T ADER
(V) ZHALT, 2OHFHEATER STV —
Ji, KO=ZFEH ORI, FARBOEN I X )21
FTHIEPHONTED, BENEIZENTIE, Ko=
B A ET 5 FAMAHEROBER S ASHEIZR 5 2 L8
e s N TV IS, BIPM A5/ 0y b e
D AT o 72k = AR O EESE (CCTKD ™ T,
ZINEOM TEPELTED, TOEPEETHWZK
OFRBOEMAMEDOENPEERTHL EEZON
727 D%, 2007 404 23 [l E KR A58 2 (General
Conference on Weights and Measures: CGPM) |28\,
KO = H A FEHT 2 KO RMARE A EFRI B S
N, EFROBRSEMH S ALY, LoL, tvods
AN L B AHE N OO MO L 2% 8, WEIZ
O INETOERICEANRON, rrer (K
OWERT B THENSE T o7 2L C, BsEng
DHALFVEY (K) %, RVYSyEREEEDD T
EICE o TEETLHONEYET B 2 &N HlIREMZE
H 4 (Consultative Committee for Thermometry: CCT)
WL DE SN, 2010 FOREICLY, BEROYWED
DI UTOEGEZMWTILE2EREEHRZAS
(International Committee for Weights and Measures:
CIPM) (Zxt L Chiy L72™. 1) (BEOMERE L% &
G L72) Ry~ 2 EROMETE O ELREAE 2 S A
1pK/KZTh2 2 &, BLY, 2) ZOUWEILRL L
SERIEMIZE L 2 2 OO FEOFRICES LT L. B
LRI OB HRE I RO =ZEHIZL > TEDONT
Wiee, FOWERRPO RNV Y Y Y EHE SR TS
e D, RV VEREBERNICHETE 2 FK
LT, Yaryvry 4 XiEEF (Johnson noise
thermometry: JNT) 25 4. JNT &%, &1 O HMEE
DAy MVERE (EEEOZFFEB V) 2W5EL,
TEPSEST HENFREFDO 1O TH L. LTFIZZOW
EEERT. Varvry A XmERNI L 2B E
OPWEIZIE, UTFTOF A FR FOKZEHLP™,

Vi =4RTR(DAf

ZIZT, kIR Y~ VER, R(T) IHIE S 7 IKPUE,
AFGHIER R BOTFIRIE TS 5. $d 5B IR
DOWT, Varyry A4 XmEFNIME N RE 2 i fHIE
MIEL (6mK 25 1445 K%, 7a — 7R S EE D
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RNV L V) A - Tw s (1D,

J A RRERI DA v ENY RigE R ICERbT 5
ZENHEL WD, 200 4 XEE A THENTD
Na™. 1 2FREDOSG 7> TR WIRIERT, 91
(3 reference noise source TZ H 5 X ENFEEH D b
DL, 200FE/AXFHEL, TNHDILIC
FoTREZRET L. OB, Tv7TOr4reny
PRI TIRE LR RETHZ L TESL. THET
DY aryry ) A XGERORME? 1 10 uK/K 25
50 uK/KBEETH 1), BELUFIREERT 2 H 72 im B e
OWEAHE?S (1 pK/K 525 10 pK/K) % T[> T
22700 g, BRIEROIAN TR VRS IS
Lo THEZMENHIRENTWAZ LIZLE 3 DTH
% . Reference noise source & LTV at 7V YFRT
AR SN DETFIFMIERSNICEL A X2V
LT, DD SOEFESFETE 5.

HAE, 1990 4 EFHREE H% (International Temperature
Scale of 1990: ITS-90) & \» 9 SEHI MY 70 EI BRI EE H B 12
Lo TREFEEOMIEIITON WD, T, HED
FRHMEDSIER I L W E oMER 2 R L 22850
EEREZOMEMET HiImER EMlzEO T
BT SEAE, MRS ORI, Ol
ERBLUTENSOMOMEEIZ BV TITSI0 TOfE &
BNFEEOME ORISR INDL LI H I ko T
%™ JNT DA SRR & > T DO % L Y
INEVAFEN S TITH S EAMRRIC R 5.

2003 4E, NIST T id JNT @ reference noise source &
L C Pulse-Driven JVS % f#lAiAR, MHEEMRD 1 DTH
% Ga D= (Ty=302.916 K) -t H o 100 QIKHT L
wF L& N7z /7 £ XJE (Quantized voltage noise source:
QVNS) TEE/ A X% Wi T 2 £ {75727 20
fR, 2mK/K TO—HEAHERE S, k=1 TORHEHN S
F I1mK/KTdH o 72 72, WH & 0 E
3025 K * 03K (/ A XM OMEAHBIN & 5 A HEH» <,
k=1) g ns.

INFEFTINTIE, Rl L7zk ) RREESOBEEC
HWSNTE2D, BIAREORA O FUUE © Hig
L, INT#HWAERVY < EROMNENfTONLTE
7z,

NIM Tid, QVNS #fHARAZINT TORILV Y <~
EHOWEITHLNY. 100 HIC K REBROME, K
V3 Y ERO A BIREARE? S 1327 (WK /TK )
L, 2014 FOREFEAM T — ¥ ZH % (Committee
on Data for Science and Technology: CODATA) @
WP E S eSS4 (Task Group on Fundamental Physical

AIST Bulletin of Metrology Vol.10, No.3

FRALTH

Constants) 7> S E I N LY H EH o &2 HE
(CODATA2014) 12B\F AL D3#1E+089 (K H/JK ™)
Tho7.

NIST T%, QVNS Z#AAAIINT TOKRLY <~
EBOMEIITbNY . 50 HIZ K SEBROME, K
V)< SRR O A BAEREATE D $13 5.0 KT /0 K™
& 7% b, CODATA2014 |2 B \J % 5 & @ # &
—405 WK H/JKY) Thorz. ZDFEERIZ 2017 412
ThMzzAt, 2011 4612 NIST TIT b7z EERO R &
DFGLUT & o Tz,

FEARI T, QVNS % #lAAA 7S INT ZAEIZBIZE L
722 F 7, KkOZEE (27316K) IZBIFHEE A X
WETHIEILE LT, RERMOIER 0TCT
2pQ/(@ T)) 100 Q® NiCr % QHR b L —H7)IVIZH
EL, RVy~rEBROWERT-72Y. WEET) &,
oEEFEzELI ) IREREOTI (100TK /K
PLE) 28R s s & &b, BT W (Electro
Magnetic Interference: EMI) D8 7Tz, 2D
KERO, BEEEREAE 2 AR A INT (22 TH
w5 iz ) A X % Integrated quantum voltage noise
source: IQVNS & F-.50) 2SBAZE &4, EMI 022 % HE L
PREBRATONSY . O KLy < U ERDERK
W R T &3 102 K Y/JKY) & &b,
CODATA2014 12 BT A& D713 -356 W K )/JK )
Thot:.

COEHN, Ry VERERET 5720 OFERN
INT R b B SR ERT 2 H W T b, kg, A mol
EEBIZ20194E5 20 H% b o TKOWEN TN
B et UTFICZEOE#HRETRT o

TRV < EZ8 e EHM]K ' (kgm’s PK ' 2%
L) TELZEEIL, ToHEE 1.380649%10 2 &
FEOLILIZEoTERENS. |

FEXATTCIE, EBRRMEE o7 RK Ly = g8 (1) =)
#H\WTIQVNS % H 72 INT 12 & 5 Ga DRl ollsEDs
=Y. IQUNS DIES /4 X &% 7 ¥ 7RI
BEbELILIZLoT, WELV TV ET VLI AKX
R T A ENTE D, WEDRE HEH
302926 1K = 0012K (297661 T) & Kk F 1,
CODATA2017 %7 L 72 ITS-90 D (29.764 6 T) D#%
HAHENETHS 12mKIILE 5 TW5DB LD
nr.

TVat 7y R rHWBERSEICL ST, Vay
VA RREFOSFEP SR E SRS N, w%H
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ISR OB RS Z D 3 >3y MMEE AN LT
B 7o IS8 1 7% & C O RE 72 B0 SR B OWE 3T D
NTWLZERFREENS.

5.7 =REK AWS (Arbitrary Waveform Synthesizer)

IR, TEHOEE SR O REEAT X 4G 55 5G N0
TFHBEE D o251 (2D Gl Generation DFE L 7%
£7), TORWENTE (kK 28 GHz) (ZHhG L7z=
HEIEdE L SIS L —F 7 VICHELL) &35
AN ENTNED.

NIST Ti&, Pulse-Driven JVS % i\ 7z [0] 1% % #H &,
1GHz, 2 GHz D EH R % 17> 72%. ZoEBRTIE
102 Ml F 7213 1440 OO A EHioTB Y, it
bz BT OEEEERX (E5HE) 2ZEL
Attenuator (JEIES:) % ANZZBOMEELHE L TV 5.
ZORE, 102 oA % WV /-HE T 1 GHz OfE5%
AR L72BI21E-71dB (1 mW #£# DR dB Ratid
1mWi# 2 52) o)L -66dB @ Spurious-Free
Dynamic Range (SFDR, I KfE5 W& FDRICKE 7%
Ba iy DFEMEDILE) HHEZE S, 1440 OIS
W20 T 1 GHz D5 % AR L 72BE121% — 49 dB
(Attenuator A ) T -89 dB) oS3 &£ -79dB @
SFDR 2R & L7z,

SI&F b L—% 7 V7% RF ZiEHE &~ |_C, RSFQJVS
bZOBMO1ID2ELTERZHILNTES. NISTT
&, FEBRIZ RSFQJVS & V72 2 fl &, 4 GHz OfF
ST 72", 2 ®J)R Tld Pulse-Driven JVS T
B o TwW-EEEEEOMEZ M TX 5720, X
D ECEEBER T OB T ARSI TE 5. EBTIE,
4 GHz DEES 2 MR L7 (-38dB i+ —70 dB
o SFDR).

EEEES ORI T AR L, SEEEE LTHY
B2k, L@, & 4 X, BiERE T ERATRD
LN5. Fiz, =3I A N-AOFEFANEIIEREDE
WKL L 72 ORIER I B ) — X — 5 —ORIE%
CHIWCEEMR )T AR EDREL RSN, IBHED
BIBEDOILE D) D32 b (LFEORIEERTT) 72D
Br b ARy 7 HIBH -30dB A5 10dB, 18 GHz
F T O EEEEF T 2 mW/W RO AR %) Y.

5.8 BFX bOOS—r5472T0

2BEDOR|BETH RN, =T IEMITER L 72E
(HA7 0 A), BE (BA:V), K (B Q) #3-
DESZFEL A —2OFEANEA L, ththo&ET
BEOZLEEMAIHGET A2 L xmT A oY —

AR R AEHRE  Vol.10, No.3

FNTAT Y7 (QMT) FEEREIES. BRI Z & O8
¥ NMI TZ O A THITWAEY Y g5
MEEEEDIGH & L TORD MR, I X9 % 5EH
WFZEIZIE VAT IThN TV 5.

QMT BT, MUNBIERE AW, 2fED )k
THBLZEE Bz, &Fbr— VIRPUCH—ET
RYTHRFICLDEREMLIZFICEL2ELEKET L
Va7V EFEEEIELLEE) BEEICERTS
VDB L. BT WA IIEEEEDITITEIC
h &) HEEMERE L7729 2 THERAT) A5, FEH
DOPETIL, /A ARHEEBIORREDS X EOHELIZ &
LEBEOBINDEEF SNV, ERIICIE, 20X
T A EIE QWIS NEEFH O Gain Error IZ#H L 72
AP SERELRDLZ b 2B L7720, YatkT v E
JERERE 2 BB B~ A 7 ORI 7 4 — RNy 78
MxlAALZ & T, ZBEBENSFIIZIETZFEE LD L1
T HEBE NI v X v IEBOREIITHONATWY
5. ZOL) BFFEE, FAEE VI MoREEEL R
ENDILH bR TE 5.

6. %oiE

KFETIE, BEEENSEDLIICEINTEOLE
L, BUIEHW LN TV A REEEIZOVTOMRHE
1otk Yat7 v HREBCIIRELEEDL
T 2 AFgeh s @y & e L7z, ERBHIZOWT
UTFIZaxy &t 5.

“AC KN b A= —~DJEH : FSIET5IEATE
N, WIEBED/NSWVEIPITIX, HEORBERETL T
IR L L COREE R TI LML X 5.
=< arN—% (TC) ~®JsH : (ACPJVS) BE
OO EARTHEN S EWET DRT Vv Vi Fo
TW5bZ D5 H 5. (Pulse-Driven JVS) BIFEDOKZ &
EmVA—%—TlddHsdDn, TC OFIEHRPHIZITHL
T % B HHEIF COBGEDT AN TEB Y, KEZEMEIC
L BN S DRBIFETI ENT DI D) 52
5.

- BIEREAOISH  BUROBEERE X 1) /NS WA
PECENEREEFFEHTELIEIREN, HEL 2T
ANDEENRSHEITON TN EEZOLND.

A VY= U AEEAOIRH ¢ BAEFERECILT 72 IY
HMADEATHY, Va7 BEEERZHCTLE
DREWE, MAHE R KRR ER LA Y =5
AMEZRTIZET, 1207 v VTEEETHE S
N—=F2 (§RTHOA V=¥ AMERERT ) &
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Ta vy A XBERBLORVY v U EROR
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5.
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%;n

3

RIRAEMEZIT)IZH72), ZLOFICHERIHE
TWEE T L PHEEHIEEN RN &FEAE
e R, EFESEENE V-7 RlEE7 Y —
TR REINESATAENIE R, WA SR EAEE
B, FSHEREEMEE, SmHERIHEE, THES
BEMTE 7V — 7 WAREZ 7 Vv — 7K, INHEREME
Wr7ER, ERIEEEMIER, ROEZEMENER, K
JIBHRERIRJE R, EFRANEENIE V-7 HETH

TNV — TR, REEEREES VT hBFESLV—-TE
ERREEREMIE BICIE CFLEE L BT E 5

SEM

1) HEHHEF 2018 #H L\ 1 Fu s 5 a0l 77 BiEEsik
OXHALDE D B ikt

2) AWFIE 1961 JEBEESMEEE OV T F1 11 492-498

3) B D Josephson 1962 Possible New Effects in Super-
conductive Tunnelling Phys. Lett. 1 251

4) K v Klitzing, G Dorda and M Pepper 1980 New
Method for High-Accuracy Determination of the Fine-
Structure Constant Based on Quantized Hall Resistance
Phys. Rev. Lett. 45 494

5) ML, WAREZ, BERIE, VWL, L
2000 FEEALHE & T FEAlie A WFFEIT 73K 64 5

6) JEEE 2000 AU DLE A 120 31-34

7) https://www.bipm.org/utils/en/pdf/si-mep/SI-App2-

ampere.pdf

AIST Bulletin of Metrology Vol.10, No.3

FRALTH

8) W FFRE] 2013 EIEEEEDBUIR & REE AT 2
IR 8 441

9) M W Keller, A L Eichenberger, ] M Martinis and N
M Zimmerman 1999 A Capacitance Standard Based on
Counting Electrons Science 285 1706

10) B Steck, A Gonzalez-Cano, N Feltin, L Devoille, F
Piquemal, S V Lotkhov and A B Zorin 2008 Character-
ization and metrological investigation of an R-pump with
driving frequencies up to 100 MHz Metrologia 45 482

11) B Camarota, H Scherer, M W Keller, S V Lotkhov,
G-D Willenberg and F J Ahlers 2012 Electron Counting
Capacitance Standard with an improved five-junction R-
pump Metrologia 49 8

12) S Nakamura, Y A Pashkin, J Tsai and N-H Kaneko
2015 Single-Electron Pumping by Parallel SINIS Turn-
stiles for Quantum Current Standard IEEE Trans. In-
strum. Meas. 64 1696

13) G Yamahata, S P Giblin, M Kataoka, T Karasawa and
A Fujiwara 2017 High-accuracy current generation in
the nanoampere regime from a silicon single-trap elec-
tron pump Sci. Rep. 7 45137

14) N-H Kaneko, S Nakamura and Y Okazaki 2016 A re-
view of the quantum current standard Meas. Sci. Tech-
nol. 27 032001

15) S P Giblin, A Fujiwara, G Yamahata, M-H Bae, N Kim,
A Rossi, M Moéttonen and M Kataoka 2019 Evidence for
universality of tunable-barrier electron pumps Metrolo-
gia 56 044004

16) FEFHEE 2016 =72 b — b AT 7LD
BUIK & BTl gE# il et ik 9 323

17) H Scherer and B Camarota 2012 Quantum metrology
triangle experiments: a status review Meas. Sci. Tech-
nol. 23 124010

18) N-H Kaneko 2017 Review of quantum electrical stan-
dards and benefits and effects of the implementation of
the Revised SI' IEE] Trans. 12 627

19) C A Hamilton, C J Burroughs and S P Benz 1997 Jo-
sephson voltage standard-a review IEEE Trans. Appl.
Supercon. 7 3756

20) FLIERE 2011 ¥ at 7y CEELBEOBLIR EALT
Gl FFHER T 8 263

21) BRES /7 944 Ty bu=s AFBEMEES
1978 ¥ a ¥ 7 v YR (FEE L) ERFS

22) C A Hamilton, C J Burroughs and R L Kautz 1995

Josephson D/A converter with fundamental accuracy

June 2021



IEEE Trans. Instrum. Meas. 44 223

23) T Yamada, Y Murayama, H Yamamori, H Sasaki,
A Shoji, A Iwasa, H Nishinaka and Y Nakamura 2009
Comparison of a Multichip 10-V Programmable Joseph-
son Voltage Standard System With a Superconductor-
Insulator-Superconductor-Based Conventional System
IEEE Trans. Instrum. Meas. 58 832

24) M Maruyama, A Iwasa, H Yamamori, S Chen, C Ura-
no and N-H Kaneko 2015 Calibration System for Zener
Voltage Standards Using a 10 V Programmable Joseph-
son Voltage Standard at NMIJ IEEE Trans. Instrum.
Meas. 64 1606

25) S Solve, R Chayramy, M Maruyama, C Urano, N-H
Kaneko and A Riifenacht 2018 Direct DC 10 V com-
parison between two programmable Josephson voltage
standards made of niobium nitride (NbN)-based and
niobium (Nb)-based Josephson junctions Metrologia 55
302

26) KA 2011 G EILFEDBLUIR Z# a1 = e
Fi 8245

27) RAHEZE 2014 2 BEERREIZB I 5 —~v v a >y
IN— & OARJE BRI BE S B RSt Lan 3 T
PR

28) https://unit.aist.go.jp/ripm/aelec-std/calibration.
html

29) T E Lipe and J R Kinard 2012 Quantum AC Voltage
Standards IEEE Trans. Instrum. Meas. 61 2160

30) ALILsERE , &7 A 2014 AR & v 72 A
FHEDOBIR— a v 7V VEEEE L &R — VIR
KEAE D Bl 56 & I H— 0 L5 49 44

31) S Chen, Y Amagai, M Maruyama and N-H Kaneko
2015 Uncertainty Evaluation of a 10 V RMS Sampling
Measurement System Using the AC Programmable Jo-
sephson Voltage Standard IEEE Trans. Instrum. Meas.
64 3308

32) A Riifenacht, C J Burroughs, P D Dresselhaus and S
P Benz 2013 Differential Sampling Measurement of a
7 V RMS Sine Wave With a Programmable Josephson
Voltage Standard IEEE Trans. Instrum. Meas. 62 1587

33) M Schubert, M Starkloff, ] Lee, R Behr, L Palafox, A
Wintermeier, A C Boeck, P M Fleischmann and T May
2015 An AC Josephson Voltage Standard up to the Ki-
lohertz Range Tested in a Calibration Laboratory IEEE
Trans. Instrum. Meas. 64 1620

34) R Behr, L Palafox, G Ramm, H Moser and ] Melcher

AR R Vol.10, No.3

2007 Direct Comparison of Josephson Waveforms Us-
ing an AC Quantum Voltmeter I[EEE Trans. Instrum.
Meas. 56 235

35) S P Benz and C A Hamilton 1996 A pulse-driven pro-
grammable Josephson voltage standard Appl. Phys. Lett.
68 3171

36) N E Flowers-Jacobs, A Riifenacht, A E Fox, S B Walt-
man, J A Brevik, P D Dresselhaus and S P Benz 2018
Three Volt Pulse-Driven Josephson Arbitrary Waveform
Synthesizer 2018 Conf. on Precision Electromagnetic
Measurements (CPEM 2018) (IEEE) (https://doi.
org/10.1109/CPEM.2018.8501053)

37) N E Flowers-Jacobs, A E Fox, P D Dresselhaus, R E
Schwall and S P Benz 2016 Two-Volt Josephson Arbi-
trary Waveform Synthesizer Using Wilkinson Dividers
IEEE Trans. Appl. Supercon. 26 1

38) F Hirayama, M Maezawa and M Suzuki 2007 One-
bit digital-to-analog converter based on rapid single flux
quantum circuit Physica C 463 1084

39) M Maezawa, F Hirayama and M Suzuki 2005 One-
bit digital-to-analog converter based on rapid single flux
quantum circuit Physica C 426 1674

40) Y Amagai, M Maruyama and H Fujiki 2013 Low-Fre-
quency Characterization in Thermal Converters Using
AC-Programmable Josephson Voltage Standard System
IEEE Trans. Instrum. Meas. 62 1621

41) A Rufenacht, F Overney, A Mortara and B Jeanneret
2011 Thermal-Transfer Standard Validation of the
Josephson-Voltage-Standard-Locked Sine-Wave Synthe-
sizer IEEE Trans. Instrum. Meas. 60 2372

42) J Lee, R Behr, L Palafox, A Katkov, M Schubert, M
Starkloff and A C Bock 2013 An ac quantum voltmeter
based on a 10 V programmable Josephson array Metro-
logia 50 612

43) J M Underwood 2019 Uncertainty analysis for ac-dc
difference measurements with the AC Josephson volt-
age standard Metrologia 56 015012

44) ] Ireland, ] Williams, O Kieler, R Behr, E Houtzager,
R Hornecker, and H E v d Brom 2019 An Optoelectron-
ic Pulse Drive for Quantum Voltage Synthesizer IEEE
Trans. Instrum. Meas. 68 2066

45) S P Benz, S B Waltman, A E Fox, P D Dresselhaus,
A Riifenacht, ] M Underwood, L A Howe, R E Schwall
and C J Burroughs 2015 One-Volt Josephson Arbitrary
Waveform Synthesizer IEEE Trans. Appl. Supercon. 25

20214£ 6 H



1

46) O F O Kieler, R P Landim, S P Benz, P D Dresselhaus
and C J Burroughs]r. 2008 AC-DC Transfer Standard
Measurements and Generalized Compensation With
the AC Josephson Voltage Standard IEEE Trans. In-
strum. Meas. 57 791

47) HE vd Brom, O F O Kieler, S Bauer and E Houtza-
ger 2017 AC-DC Calibrations With a Pulse-Driven AC
Josephson Voltage Standard Operated in a Small Cryo-
stat IEEE Trans. Instrum. Meas. 66 1391

48) T Watanabe, Y Takahashi, H Shimada, M Maezawa
and Y Mizugaki 2015 4-bit Bipolar Triangle Voltage
Waveform Generator Using Single-Flux-Quantum Cir-
cuit Physics Procedia 65 213

49) Y Mizugaki, Y Takahashi, H Shimada and M Maeza-
wa 2015 Design and Operation of a 9-bit Single-flux-
quantum Pulse-frequency Modulation Digital-to-analog
Converter Physics Procedia 65 209

50) Y Amagai, M Maruyama, H Yamamori, T Shimazaki,
K Okawa, H Fujiki and N-H Kaneko 2020 Extending
voltage range to 10 V rms in AC-DC difference mea-
surements with AC programmable Josephson voltage
standard

51) R Behr, O Kieler, ] Kohlmann, F Miiller and L Palafox
2012 Development and metrological applications of Jo-
sephson arrays at PTB Meas. Sci. Technol. 23 124002

52) A Riifenacht, N E Flowers-Jacobs and S P Benz 2018
Impact of the latest generation of Josephson voltage
standards in ac and dc electric metrology Metrologia 55
S152

53) D Schleufiner, O F Kieler, R Behr, ] Kohlmann and T
Funck 2010 Investigations using an improved Joseph-
son Arbitrary Waveform Synthesizer JAWS) system
2010 Conf. on Precision Electromagnetic Measurements
(CPEM 2010) (IEEE) (https://doi.org/10.1109/
CPEM.2010.5543512)

54) C Urano, M Maruyama, N-h Kaneko, H Yamamori, A
Shoji, M Maezawa, Y Hashimoto, H Suzuki, S Nagasa-
wa, T Satoh, M Hidaka and S Kiryu 2009 Operation of a
Josephson arbitrary waveform synthesizer with optical
data input Supercond. Sci. Technol. 22 114012

55) T E Lipe, J R Kinard, Y-H Tang, S P Benz, C J Bur-
roughs and P D Dresselhaus 2008 Thermal voltage
converter calibrations using a quantum ac standard
Metrologia 45 275

AIST Bulletin of Metrology Vol.10, No.3

56) K Zhou, ] Qu, X Xu and Z Zhou 2018 Thermal Trans-
fer Standard Calibrations Using a Pulse-Driven AC
Josephson Voltage Standard 2018 Conf. on Precision
Electromagnetic Measurements (CPEM 2018) (IEEE)
(https://doi.org/10.1109/CPEM.2018.8501010)

57) L Palafox, G Ramm, R Behr, W G K Ihlenfeld and
H Moser 2007 Primary AC Power Standard Based on
Programmable Josephson Junction Arrays IEEE Trans.
Instrum. Meas. 56 534

58) L Palafox, R Behr, W G K Ihlenfeld and F Muller 2008
The Josephson effect based primary ac power standard
at PTB: progress report 2008 Conf. on Precision Electro-
magnetic Measurements (CPEM 2008) (IEEE) (https://
doi.org/10.1109/CPEM.2008.4574863)

59) E Mohns, G Ramm, W G K Ihlenfeld, L Palafox and
H Moser 2009 The PTB primary standard for electrical
AC power MAPAN 24 15

60) B C Waltrip, B Gong, T L Nelson, Y Wang, C J Bur-
roughs]r, A Rufenacht, S P Benz and P D Dresselhaus
2009 AC Power Standard Using a Programmable Jo-
sephson Voltage Standard IEEE Trans. Instrum. Meas.
58 1041

61) L Wang, Zhengsen Jia, Z Liu, Q He and H Huang
2018 Precision AC Power Measurement Based on Dif-
ferential Sampling System Using ACPJVS J. Phys.: Conf.
Ser. 1065 052023

62) D Georgakopoulos, I Budovsky, S P Benz and G
Gubler 2018 Josephson Arbitrary Waveform Synthesiz-
er as a Reference Standard for the Measurement of the
Phase of Harmonics in Distorted Signals 2018 Conf. on
Precision Electromagnetic Measurements (CPEM 2018)
(IEEE) (https://doi.org/10.1109/CPEM.2018.8501223)

63) HHIEE 2014 F v /NT & v AR 2B $ 5 AR
My DWRGE 8L X R A

64) J Lee, J Schurr, J Nissila, L Palafox, R Behr and B P
Kibble 2011 Programmable Josephson Arrays for Im-
pedance Measurements IEEE Trans. Instrum. Meas. 60
2596

65) F Overney, N E Flowers-Jacobs, B Jeanneret, A Riif-
enacht, A E Fox, ] M Underwood, A D Koffman and S P
Benz 2016 Josephson-based full digital bridge for high-
accuracy impedance comparisons Metrologia 53 1045

66) S Bauer, R Behr, T Hagen, O Kieler, J Lee, L Palafox
and J Schurr 2017 A novel two-terminal-pair pulse-

driven Josephson impedance bridge linking a 10 nF

June 2021



capacitance standard to the quantized Hall resistance
Metrologia 54 152

67) S Bauer, R Behr, O Kieler, J Lee, L Palafox and J Sch-
urr 2018 Progress on PTB’s Pulse-Driven Josephson
Impedance Bridge Combined with an AC Quantum
Hall Resistance 2018 Conf. on Precision Electromagnetic
Measurements (CPEM 2018) (IEEE) (https://doi.
org/10.1109/CPEM.2018.8501036)

68) ZEETTAR 2014 EESKRIRIERTHC X 2 #1502
B3 % BRATIE I ZE A AT B 9 75

69) J V Nicholas, D R White and T D Dransfield 1996
Isotope influences on the triple point of water and the
definition of the kelvin 1997 Proc. TEMPMEKO 9

70) FPEPEE 2000 I E SO FIARR R & F O S
DT B AN FFE AT 49 183

71) D R White, T D Dransfield, G F Strouse, W L Tew,
R L Rusby and J Gray 2003 Effects of Heavy Hydrogen
and Oxygen on the Triple-Point Temperature of Water
AIP Conference Proceedings 684 221

72) M Stock, S Solve, D del Campo, V Chimenti, E
Méndez-Lango, H Liedberg, P P M Steur, P Marcarino,
R Dematteis, E Filipe, I Lobo, K H Kang, K S Gam,
Y-G Kim, E Renaot, G Bonnier, M Valin, R White, T D
Dransfield, Y Duan, Y Xiaoke, G Strouse, M Ballico,
D Sukkar, M Arai, A Mans, M de Groot, O Kerkhof, R
Rusby, ] Gray, D Head, K Hill, E Tegeler, U Noatsch,
S Duris, H Y Kho, S Ugur, A Pokhodun and S F Gera-
simov 2006 Final Report on CCT-K7: Key comparison of
water triple point cells Metrologia 43 03001

73) &%, FHEM 2013 TEEEEEDOBIIK Netsu Soku-
tei 40 158

74) https://www.bipm.org/documents/20126/414830
22/SI-Brochure-9-EN.pdf/2d2b50bf-f2b4-9661-f402-
5f9d66e4b507

75) LR 2014 (55 8 A1) {wAE (K) 122wV TOHpE
R & IR A 7 & I 53 758

76) BAYLHE 1955 #ER OB & ZF OHER
75 1408

77) IWHEFEZ 2016 ¥ 3 ¥V VT IRERT O 720 O 4EFER
RIS IR A2 B D) WAk &

78) JF Qu, S P Benz, H Rogalla, W L Tew, D R White and
K L Zhou 2019 Johnson noise thermometry Meas. Sci.
Technol. 30 112001

79) SW Nam, S P Benz, P D Dresselhaus, W L Tew, D R
White and ] M Martinis 2003 Johnson noise thermom-

RN

AR R Vol.10, No.3

etry measurements using a quantized voltage noise
source for calibration IEEE Trans. Instrum. Meas. 52
550

80) J Qu, S P Benz, K Coakley, H Rogalla, W L Tew, R
White, K Zhou and Z Zhou 2017 An improved electronic
determination of the Boltzmann constant by Johnson
noise thermometry Metrologia 54 549

81) N E Flowers-Jacobs, A Pollarolo, K J Coakley, A
E Fox, H Rogalla, W L Tew and S P Benz 2017 A
Boltzmann constant determination based on Johnson
noise thermometry Metrologia 54 730

82) M Maezawa, T Yamada and Chiharu Urano 2014 Inte-
grated quantum voltage noise source for Johnson noise
thermometry J. Phys.: Conf. Ser. 507 042023

83) K Yamazawa, C Urano, T Yamada, T Horie, S Yoshida,
H Yamamori, N Kaneko, Y Fukuyama, M Maruyama, A
Domae, ] Tamba and S Kiryu 2014 Boltzmann Constant
Measurements Using QVNS-Based Johnson Noise
Thermometry at NMIJ, AIST Int | Thermophys 35 985

84) C Urano, K Yamazawa and N-H Kaneko 2017 Mea-
surement of the Boltzmann constant by Johnson noise
thermometry using a superconducting integrated cir-
cuit Metrologia 54 847

85) C Urano, K Yamazawa and N-H Kaneko 2020 Mea-
surement of the Melting Point of Gallium Using a John-
son Noise Thermometer IEEE Trans. Instrum. Meas.
69 3698

86) C A Donnelly, N E Flowers-Jacobs, J A Brevik, A E
Fox, P D Dresselhaus, P F Hopkins and S P Benz 2020
1 GHz Waveform Synthesis With Josephson Junction
Arrays IEEE Trans. Appl. Supercon. 30 1400111

87) P F Hopkins, ] A Brevik, M Castellanos-Beltran, C A
Donnelly, N E Flowers-Jacobs, A E Fox, D Olaya, P D
Dresselhaus and S P Benz 2019 RF Waveform Synthe-
sizers With Quantum-Based Voltage Accuracy for Com-
munications Metrology IEEE Trans. Appl. Supercon. 29
1301105

88) T HA 2009 “HEHE" T E mFHFEMITH — A
OFEAE Y oM ? EFA PRI = bTAT ¥
TN N 71 2450

89) L Devoille, N Feltin, B Steck, B Chenaud, S Sassine, S
Djordevic, O Séron and F Piquemal 2012 Quantum met-
rological triangle experiment at LNE: measurements on a
three-junction R-pump using a 20000:1 winding ratio cryo-

genic current comparator Meas. Sci. Technol. 23 124011

20214£ 6 H





