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Voltage Unit: Definition c

metas
9¢me CGPM, 1948:
Le volt est |a différence de potentiel
électrique qui existe entre deux points
d’un fil conducteur transportant un

!I_";ematlona! d ulmtes courant constant de 1 ampeére, lorsque
e Internationa la puissance dissipée entre ces points

SVStem est égale a 1 watt.
of Units

o 1V=1W/A=1m2kgs3A-1

Le Systeme

llllllllll
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Voltage Unit: Realization with Hg electrometer c
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Fig. 1. Schematic of absolute liquid electrometer and optical measuring system

Clothier et al, Metrologia 26, 9 (1989). Uncertainty: 0.27 ppm
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Voltage Unit: Realization with a Voltage Balance

i

T = {
ST U mg:%Uz(fig
& O

T. Funck et al. , IEEE Instr. Meas. 40-2, 158, 1991.

Uncertainty: 0.31 ppm

Summary:
The Sl volt is realized with an uncertainty of 0.3 ppm
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Voltage Unit: Representation c

metas

- 1794: A. Volta, First electrochemical cell, current source
- 1836: Daniell, Zn-Cu cell as the first stable voltage standard
- 1883: Clark cell (Zn-Hg) as a standard to maintain the unit volt
- 1908: Weston cell (Cd-Hg), U = 1.018 V, International Unit realization
- 1948: Introduction of Absolute Units
- Weston cells became only a representation of the volt
- 1960: Introduction of the Sl
- 1962: Discovery of the Josephson effect
- 1972: Single junction voltage standard (few mV)
- Weston cell became obsolete
- 1985: 1 V Josephson junction array
- 1987: 10 V Josephson junction array, uncertainty < 0.001 ppm
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Voltage Unit: Representation 0

metas

- 1908: Weston cell (Cd-Hg), U = 1.018 V, International Unit realization
- 1948: Introduction of Absolute Units

- Weston cells became only a representation of the volt

- 1962: Discovery of the Josephson effect

- 1972: Single junction voltage standard (few mV)

- Weston cell became obsolete

- 1987: 10 V Josephson junction array, uncertainty < 0.001 ppm

Hg,SO,

Hg

Saturated
solution

CdSO,

T TIT I CT I LI LT
10% Cd
amalgam
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Voltage Unit: 1990 Conventional value c

metas

QHE: hie?
Josephson: 2efh

h
%

27316 K

1 ¥
3x10°7

h
Vs oiff = Ki'f |Kj_gy = 483'597.9GHz/V

Uncertainty in the SI: 0.4 ppm
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Voltage Unit: Representation c
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Voltage Unit: Representation
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Superconductivity: BCS Theory (Nobel Prize 1972) c

metas

electron ion

O 0f

a
Positive trail due to the

electron motion

* Electrons feel an attractive potential E; = kT, > Cooper pairs
 Correlated motion—> Phase coherence over macroscopic distances
* Bose condensation in a single macroscopic quantum state

» Macroscopic wave function

T — |0
ne, = [P
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Superconductivity: Energy Gap
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» The Bose condensation opens a gap in the DOS: | A ~ kT,
E
A
0 CTO
v r’ SUFEHC NDU H1H|N5ULATGH
— NORMAL METAL
2A
! |
Ng(E) »Nn(E)
f
f.(
: ] e
AN A(0) = 176 KT,
A{D)
2 SIN
| | ] |
L] 0.2 0.4 0.6 0.8 1.0

Al i"‘]
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The Josephson effect o
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volume 1, number | FPHYSICS LETTERS

—r — mem

1 July 1962

—_—

POESTRLE WEW EFFECTS IN SUFERCONDUCTIVE TUNNELLING +

RB. D. JOSEFPHEQMN
Cavendish Laboratory, Cambridge, Snglend

Received 8 Jups 18908

We here present an approach (o (ke caleuwation
af tunnelling currents betwaen twh metals thar is
sufficienlly general to deal with the case when both
metals are superconducting. Tn that case new #f-
feets are prodieted, cue to the possibility that elec-
Lrron pairs may tamel through the barrier leaving
the quasi -particle diatribution imehanged.

- %

Brian D. Josephson
Two pages = Nobel prize in 1973 1940 -
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THE NOBEL LAUREATE

VERSUS

THE GRADUATE STUDENT

In 1962, Brian Josephson,
a 22-year-old research
student at Cambridge Uni-
versity, suggested o new
and sworprising effect. A
supercurrent, he argued,
can tunnel through a thin
insulating barrier,! Univer-
sity of [llingis theoriat John
Bardeen disagreed, and
that mattered. At age B4,
Bardeen was the most cele-

John Bardeen, the leading condensed
matter theorist of his day, was quite
wrong when he dismissed a startling

prediction by the unknown
Brian Josephson.

Donald G. McDonald

brated solid-state theorist of his time. He had shared the ence, and he w
1956 Mobel Prize in Physics with William Shoeckley and  with a numbe
Walter Brattain for the invention of the transistor. He Anderson, Cog
would share a second Nobel prize in 1972 with Leon Coop-  Phillips, Rober
er and Robert Schrieffer for their 1957 solution (the BCS  is Baratoff—re
theory) of the long-standing riddle of superconductivity. was involved i

Bardeen publicly dismissed young Josephson's tun-  then in publie ¢
neling-supercurrent assertion in a “*Note added in prool” In the afte

to a 1962 article in Physical Review Letters;

In & recent note, Josephson uses a somewhal
similar formulation to discuss the possibility

A ST FORY . S VR SRR RS © AL SEDGCANEE, | BRI i

eries of magne
and —most proy
intertwined sul

Physics Today, July 2001, p. 46-51
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science make of that?

The story of Joseph-
son’s discovery has been
told by his mentor Philip
Anderson (PHYSICE ToDAY,
November 18970, page 23),
his thesiz adviser Brian
Pippard,® and by Josephson
himself.* In those retellings,
however, the role of Bardeen
has v Jrgsly g

metas

the phase, Meanwhile, Joseph-

son was studying various dif-

ferent formulations of the

theory* His mantra

became: The phase is “real

enaugh to produce , . . flux

quant zation.” How can 1

make it more sxplicit in
experiments?

The third discov-

ery was published in

16980 by Hiins Melss.

ner in a paper enti-

tled “Supereondue-

tivity of Contacts

with Interposed Bar-

riers.™  Meissnor’s

experiments used su-

perconducting wires

of tim, conted with a

thin layer of & normal

metal such as copper.

Bringing twe such wires

together, ha found that the con-

tact was superconducting despite
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The Josephson effect: Tunnel junction o

metas
1-3 nm
— Josephson equations:
S f;-: |E: S, I =1I.sin Ap
)l h o d
* V= ——A
dedt

heyEen ¢\ weER  Ap =y

> x  Critical current: /,

Josephson effect: Coherent tunneling of Cooper pairs through the junction
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The Josephson effect:

I =1.sin Ay

h d

V= ——
2e dt

Ay

EM Radiation:

fr =

2e

h

AC Effect 4 o
o

metas

=

R

| —

Normal Electron
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Tunneling
Cooper Pair
/ Tunneling
> |
2A
e
~1

Hysteretic behaviour!!
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The Josephson effect: AC Effect o

metas

1 Normal Electron
1 Tunneling
Cooper Pair
/ Tunneling
24 |
e .
2A
C)
can 1(
T=0
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Josephson Voltage Standard: Single Junction

Irradiation with microwave:
- Cooper pairs synchronize

with radiation

- Voltage steps appear

h
‘/n. — =
n 2€f

Shapiro step, 1963

V, ~ 145 uV @ 70 GHz

© metas 06.10.07

Current

(MA)

A

0.2-

0.1-

y

metas

Voltage(mV)

>

2
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Josephson Voltage Standard: RCSJ Model ct
metas
[=1,, 1, sinof

@ l Small angle: dy 7= h,/Qf;[c
R
: | ——
I=V/R Mc Cumber parameter:
¢ -+
I=CdVid z. TH(' RQC 2F} 5
B, = — —I.R°C
N L
[=1_sind¢ TJ !

hC d?¢ 2 h do
2¢ dt?  2eR dt

Non linear, second order equation (Pendulum):

Voltage Step —<e===p Phase lock to microwave

+ I.sin ¢ = Iy + I, ¢ sin(wt)
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Josephson Voltage Standard: Single Junction 0
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I I | I ] I I I I il | | ‘." I

*2I’  Overdamped (. <1 ' I’ Underdamped G.>1 7

0.1 f’
/ /

= 7 =]

~

—

j,r” ]
-u.z-_{..lflll |...d 2 I}T , -

-2 -1 1] 1 2 -0.10 -0.05 0.0 0.05 0.10
de BIAS I (mA) dc BIAS Iy (mA)

AVERAGE VOLTAGE (V) (mV)
=]
(=]
|
1
AVERAGE VOLTAGE (V) (mV)
—
|
1 1

Problems:
- Voltage limited to 2.5 mV (gap Nb)

- Impossible to make large arrays - Bias scheme

—>Zero crossing steps (Levinsen 1977)
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Josephson Voltage Standard: Step stability (R. Kautz, 80’s)

TABLE I. Junction design parameters,

O

metas

L If L is 100 large, the f
magnetic field distorts

If WLJ is tco small thermal curment flow.
noise disrupts phasa lack

IF W is toc large, junction
cavity modes are excited.

Junction materials

Critical current density J
Junction length L

Junction width W

Critical current /

Plasma frequency f,

Lowest resonant cavity mode

Rf drive frequency f

Nb/ALLO;/Nb e, Ham
20 Alem? ) amilton, 2000
18 pm

30 gm

110 pA

20 GHz

175 GHz

75 GHz

- =

© metas 06.10.07
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Josephson Voltage Standard: Power distribution c

metas
« Homogeneous distribution of microwave power to all junctions

—> Stripline geometry

junctions

: é E dielectric SiO,
— > d

Microwave power —

ground plane ~

- Strip line impedance: 2-5 Q
- Junction capacitive impedance: 1 m£

—> Attenuation: 1 mdB/ junction
—> Stripline with 5000 junctions, uniformity +1.5 dB

© metas 06.10.07 Les Houches / Jt



Josephson Voltage Standard: Arrays 0

metas
 Fabrication of large junction arrays with little variation in parameters

dc contact
O

75 GHz w0 VU o
' Resistive termination

— /

0000

- 1985: first 1 V arrays, 1’400 Pb junctions, Niemeyer (PTB), Hamilton and
Kautz (NIST)

- 1987:10 V array, 14’484 Pb junctions, NIST

- 1991: METAS 1V array from NIST

- 1998: METAS 10V array, 20'208 Nb/Al,O,/Nb junctions, Hypres

© metas 06.10.07 Les Houches / Jt



Josephson Voltage Standard: Arrays 0

metas
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Josephson Voltage Standard: Accuracy 0

metas

h * How accurate is the Josephson
Voo = nz—f = fn,I{_]_lf relation?
. * High precision comparison required!
i .
[ L = _
V1 J s s J V2 I, = T (Vi = Va)dt

1 Llﬁ“iff L 1

hf

L=Ls+ Li+ Lo

- Extremely sensitive method
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Josephson Voltage Standard: Accuracy 0

metas

- 1983: Comparison between two single junctions: AV /V <2 -107'°
J.S Tsai, A.K. Jain, J.E. Lukens, Phys. Rev. Lett. 51, 316, (1983).

- 1986: Comparison between two 1V arrays: AV, [V, (30UA) <7 107"

step
J. Niemeyer et al., IEEE Electron Device Lett. EDL-7, 44, (1986).

17
- 1987: Comparison between two 1V arrays: AV /V <2-10
R.L. Kautz, F.L. Lloyd, Appl. Phys. Lett. 51, 2043, (1987).

-19
- 1987: Comparison between two single junctions: AV IV <3-10
A.K. Jain, J.E. Lukens, J.S. Tsai, Phys. Rev. Lett. 58, 1165, (1987).

- 2001: Comparison between two 0.6V SINIS arrays: AV /V <1.2-107"
l.Y. Krasnopolin et al., Supercond. Sci. Technol. 15, 1034, (2001).

—> “it shows that gauge invariance is exact!” P.W. Anderson (87)
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Josephson Voltage Standard: The system

@ Antenna (DCF 77)\ [ A
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- “"/ P d (
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Josephson Voltage Standard: The system c

—————
- —_—
-
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JVS 10 V systems commercially

available:

* Hypres (USA): NIST array
technology

« SupraCon (Germany): PTB
array technology
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Josephson Voltage Standard: Uncertainty budget o

metas

List of the uncertainty components:

1) Reference frequency offset and noise

2) Leakage currents in the measurement loop

3) Detector gain error

4) Detector bias current A

5) DVM offset, input impedance, non linearity and noise

6) Uncorrected thermal voltages Do not

7) Rectification of the reference frequency current > depend on

8) Electromagnetic interference voltage
)

9) Sloped steps (bias dependent voltage)

—> evaluation by measurement of a short circuit

C.A. Hamilton, Y.H.Tang, Metrologia 36, pp. 53-58, (1999).
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Josephson Voltage Standard: Uncertainty budget o

metas

Component Type %n\f)
Frequency B, 10 0.7
Leakage current B, 10 1.0
DMM gain error B, 1o 0.6
ey ata| 50
Combined 1o 5.2

At a level of 10 V: 5.2 x 107'°
With nDVM < 1010
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Voltage Scale: Zener voltage reference 0

metas

p-n junction: Zener effect (1934) Voltage reference:
* Regulation electronics

« Temperature control
* Qutput: 10V, 1.018V

Diode
current
B Forward
Vz =57V Voltage
(g_ ——————————————— = =1mA
> Regulation
{j _________________ - Iz (maX)
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Dev. from Fit (nV)

Voltage Scale: Zener voltage reference

metas
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Dev. from Fit (nV)

Voltage Scale: Zener voltage reference

metas
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Voltage Scale: Zener BIPM Comparison c

metas
BIPM.EM-K11.b, EUROMET.EM.BIPM-K11, and APMP.EM.BIPM-K11.1}10 V Zener diode
Degrees of equivalence [ D; and its expanded uncertainty (k =2), U,]
5 t I
U e = 8.00 pv Ungrs =611 v
i g 0 i S R : TS DO —
U g = 6.49 pv
K T A T L T P T SEEETEE TP PR TP PR
-4

= = = 4 =< W 1 fyow n = s, Jd| - 15 i e =1

226233233383 $208¢Fe83293332302REZE3: 9

Eﬁzmummutzgz S s e % hn o h T ozhog = 0 @0
B = L = = = = e
7 =

Red diamonds: paricipants in BIPM.EM-K11.b only
Blue circles: participants in EUROMET.EM.BIPM-K11 anly Green triangle: participant in APMP.EM.BIPM-K11.1 only
Black squares: common participants in BIPM.EM-K11.b and EUROMET.EM.BIPM-K11 {filled up in black: laboratories used to compute the link)



Dev. from Fit (uV)

Voltage Scale: DVM Linearity c

metas
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Replacement of the kilogram: Watt balance

Force measurement

© metas 06.10.07
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Speed measurement

Ul = mgv
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Metrological triangle

Josephson Single electron
effect effect
V=g |=ef
2e
L
V= = I
Quantum Hall
effect

© metas 06.10.07
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!:ef#

@ QHR
y Electron

pump

Vi JJ J
—|—£—®—L JAVS

N. Feltin, Next Thursday

* Modified version: charging a capacitor

* Primary capacitance standard
M. Keller, Next Wednesday
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Conclusions 0

metas

* The Josephson effect is used world wide as the representation of the voltage
unit.

. Large SIS array produces voltage up to 10 V with unprecedented uncertainty:

> S| Volt realization: 3x107

> Josephson junctions: 3x107° @ mV,
2x1071 @ 1V

> Josephson Voltage Standard: 1 x1071° @ 10V

- New development for AC voltage metrology = S. Benz NIST
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