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? The Planck constant h is exactly

6.626 06X x 1024 joule second (kg.mZ2.s1)

The elementary charge e is exactly
1.602 17X x 1071 coulomb (A.s)

" Need a mise en pratique with a
108 uncertainty
Resolution of the 23/24/25 rd CGPM
...prepare a mise en pratique for each new definition...

Josephson Effect
uk,=0
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Quantum devices handling electron one by one at a driven frequency f; : I:nQQfP
Mesoscopic quantum phenomenon (charge quantization)
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Josephson Effect
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Indirect realization of the current from Z(RKK])

Applying Ohm’s law to secondary voltage and resistance (or
capacitance) standards calibrated from the JE and the QHE (average

Limitation: calibration of secondary standards an absence of true
stable and ultra-accurate current standard

1= C-dV/dt
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Josephson Effect

Direct realization of the current from

Applying the Ohm’s law directly to the quantum
Hall and Josephson standards to benefit from:

-high reproducibility (JE: u=10-1"; QHE u=3.10-1)
-their universality

JE: u=1016

QHE :Si-Mosfet/Graphene/GaAs (u=8.1011)
-existence of quick quantization criteria

JE: plateau flatness/contacts

QHE: R, value/contacts
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Josephson Effect

A programmable quantum current generator

Programmable
Quantum
r=0 Current
Standard
(PQCS)

(PQCG)
W. Poirier et al, JAP 2014

loacs= 2G(ReK,) N f,

c @ &
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Cryogenic
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lpace = Gn,ef,

u=1.108
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g 10 = e measurement
8 10° I - . capabilities| (CMC) [19]
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Programmable
Quantum

Current
Standard

1~ . (PQCS)

U Double connection (two wires are connected to superconducting
J pads ensuring equipotentiality) F. Delahaye, Metrologia (1993)
CCC
PQCS Any two-wire resistance is R, and V,,=0 along an equipotential

edge, chirality of edge-states (Landauer-Buttiker)
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Programmable
Quantum
Current

Standard

Double connection (two wires are connected to superconducting
pads ensuring equipotentiality) F. Delahaye, Metrologia (1993)

Any two-wire resistance is R, and V,,=0 along an equipotential
edge, chirality of edge-states (Landauer-Buttiker)

r+r)r, +(r +1,)r
I J 1 ( 4
PQCS ~ RH( RH )
— _/

e

a~2.107 ua ~2.5x10°
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Vout toroidal shielding
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| squip _~F
electronics ' .
- The sum of the current in the two

connecting wires is amplified with a CCC
CCC of accurate gain (101)
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This is the trick

CCEM 2017, BIPM, 24/03/2017



SQUID
electronics
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Programmable
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Current I G @> Load
Standard

(PQCS) Cryogenic
amplifier
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+

Current divider of fraction g
— NJK
PQCG — PQCS
N + :BN Div

I PQCG — G,B I PQCS

lpges = ZG/}nJ(RKKJ)-lfJ(l_a)

lgee = 6pnyely(l-0]

G;:0.03-129 nj>>ng and f,>>f;
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IPQCG = ZGBn] (RKK]) fi(l — (X)

 Type B relative Uncertainty

l_

IVc:ut
4.2K Current Leakage Feedback electronics
— u-~ (r+r)/R~ 4.1012 u~ 2.5x1010
electronics
Double connection Current divider
u, ~ 2.5x10° calibration
Ug (Ipacs) < 1078 (from O to 8x10-°)

* Type A relative Uncertainty
the Johnson-Nyquist noise of the QHR, the SQUID noise
and some extra external noise (ex: damping circuit)

E — S with damping circui l
__Eég??éhd ping dreut | S¢z20ﬂ¢0/Hz”2 SA(IPQCG): Ycce S¢
| Nac =129 -8 1/2
I 'n, =3072 Sa(lpocs) ®3.6x107 / Hz
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Five successive time series (Teies=792 S) over four hours

n,= 3074, N = 2, Ny = 129

5x10% | /pace @ 2.2 MA

b T S A S

Sx10°F [0 ¢ 22mA @ 21mA ® 23mA
1 2 3 - 5
# measurements
Accurate
Reproducible

Independent of the bias current I, . of the Shapiro steps
=> 1 Quantization criterion
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> No significant deviation within a measurement uncertainty of 108
» Weithed mean : (6 £ 6) x 107
=> Validation of the Type B uncertainty budget (independent of Io5cg value)
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Accurately quantized (10-8) in terms of e, Reproducibility, Uncertainty budget
Identification of Quantization criteria, calibration of DA tested

=>The PQCG realizes the first quantum « mise en pratique » of the ampere from e within a 10-® uncertainty in
the current range from 1 pA up to 10 mA

¢ Uncertainty improvement and current range extension (10°/1 pA, 108/100 nA, 107/10 nA)
(Damping at low temperature, triple connection....)
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Phys. Rev. X 6, 041051 (2016)
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* Can be implemented in any NMIs equipped with a QHR and a PJVS setup (no additional cost)
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PQCS

voltage pulse is quantized
Jep a J‘th=n]K]_1=> fldt=Q=n]e

current pulse is quantized

The PQCG is fundamentally a multi-electron pump synchronized by the external Josephson micro-wave signal
=> Potential application in charging capacitances: Quantum capacitance standard

« AC PQCG = Pulse-driven JVS + . | o signal at fundamentalfrequency
AC QHE + % 42K
Pulse drive
AC transformer electronics m JAWS }i
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Quantum Ammeter:

Direct opposition of

[ |
current standards
£ Opticallink
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Simplifying the metrological triangle experiment
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Lo progrin, wie pustins & partage

* Ultra-accurate comparison of QHRS
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IQHE/FQHE

Ahlers et al, ArXiv:1703.05213

W. Poirier et al, JAP 2014
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B 2 1x10%-accuracy for graphene
% 14
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A%’\\\ Operation under relaxed —

1x10%-accuracy for GaAs

g of
0o
G L
=1.3K
4 —— R, Graphene 1
sl —— R, Graphene (- - - - 7=100 K) |
In DC: R. Ribeiro-Palau et al, Nat. Nanotech. 10, 965 (2015) S\ TR
F. Lafont et al, Nat. Commun., 6, 6805 (2015) o2 4 SB(T)S ooz
A. Tzalenchuk et al, Nat. Nanotech., 5,185 (2010) Bmin=35T

T.J.B.M. Janssen et al.,2D Materials (2015)

In AC: C. C. Kalmbach et al, Appl. Phys. Lett., 105, 073511 (2014)

Towards a quantum calibrator/multimeter
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