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mass of Ptir at BIPM
hyperfine splitting of Cs
meter of length
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N newton of force
J joule of work
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watt of energy
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copec™®’  Quadrature bridge resistance
10pF @ ~ 0.01 ppm
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Calculable Capacitor

1kHz, AI=0.2m, AC=0.4 pF
(but see NIST special)
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/ Simple parallel Plate capacitor
Charge @
+++ + + +F
+ + + d
+ '+ + A r
S crol C===

Thompson Lampard Theorem:

System of infinite parallel conductors
C, and C, are cross capacitances per unit length

exp(-nC, /g,) +exp(-nC, /g,) =1

Practical realisation of a calculable cross capacitor

e e
Guarded |Transition|  Unguarded  {Transition! Guarded

: -

4 cylindrical bars and
a central guard bar

BIPM web-site
Oct. 2013
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Vn = n.(h/2e) f 2e/h = ;ygud g ol
KJ-90 = 483597.9 GHz/V

Steps are vertical, no thermal EMF’s in the JJ, no IR drops within the JJ.
e|ndependent of JJ size, construction, temperature ...

eMany steps; Vh=150 uV @ 75 GHz, adjustable to the same resolution as
the frequency, f.
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1 mV to 1000 V (1-0.02 ppm)

EM Amplifiers, HP3458A, Keithley NanoVoltmeters ERSUORS
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Teflon 1013 — 1018 Qcm

Sapphire, Quartz 107> — 1078 Qcm

Cu 1.67 10° Q cm 0.0068 /°C
Pb 20.6 10° Q cm 00034 2C
Evanohm 134 ©)em 0.00001 /°C
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 GaAs/AlGaA
heterostructure

e (also Si Mosfet, lI-IV

structures, graphene)
14T maghnet
.  Pumped helium cryostat
o > ' |« CCC Bridge, JAVS
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Coil or thin film
2 or 4 terminal
O 25, - gl 2366 'OF -35e . .
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1.Q — 100 kQ
100 kQ2 — 10 PQ
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4 terminal coaxial pair
iImpedance

i i=JOﬁF1

Z= (V2-VD)

=

V2=0, i=0 |
@O

—V=0

V=0

Voltage across and
Current out
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2 terminal
air bath
EMI issues

100 TQ

100 GQ
1 GQ

Voltage coefficient

leakage
i

4 terminal
oil bath
Joule heating
connection
o sensitive

100 MQ
1 MQ

100 kQ2
10 kQ

2ot

1 Q

QHR

0.1mQ

o
teraohmmeter

dual-source
bridge
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automated
wheatstone

l bridge

i

dc current

comparator
e

range
extender
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Deviation (/ppm)

Dev'n of G50551 , since Jan 1998

73
71
69
67
65
63

Dev'n = 46.60 + 0.0057 x days

3200

3600 4000 4400
Days from 1 Jan 1990

12 May 2008

Dave Inglis. NRC Canada 46




Deviation (/ppm)
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NMLG64150: dev'n from nominal value
-12.72

Dev'n(/ppm) = -12.76 + .30x10-¢® x days
-12.74

-12.76 | g + .l.

-12.78

_1 2.80 | | | |

3500 3700 3900 4100 4300 4500
Days from 1 Jan 1990



Deviation from nominal (u2/Q)

-12.7

-12.9

-13.1

-13.3

-13.5

-13.7

C—wsao—toé Q'M

/T\

@ (25) = -.007 ppm/C.
B (25) =-0.0026 ppm /C2

N

AN

10

15

20

25 30

Temperature (C)

35

N

40

45
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Deviation (ppm)

¥A

-1.31

-1.33

-1.35

-1.37

-1.39

-1.41

-1.43

Apr-23

L& N Thomas type 1 ohm resistor: (25.00 +/- 0.01) celsius

Apr-28

May-03

May-08

May-13

May-18

780

NONONN
a o & N
qd © < o

750
745
740
735

May-23

Pressure (mm Hg)
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. Controlled airbath
35 yrs drift:

"= GR 0.2 ppm

| NBS 0.9 ppm
1990 step is Sl change
ESI drop — 2003 power
outage

cus

29
194

z7
10982

deviation ippm
n
W
ewlation (ppm

ices

178
1082
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0.003 ppm
13 Cud Wb g Coglio 6
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AC
AC :
e I Ratio Quad Bridge B’?.?;g)e
e | Driige 1233Hz
Gibbings 12906 Q 10 nF
DC/AC 0.01 ppm 0.01 ppm
0.01 ppm 8%x12906 O 1 NnF
1541 Hz
0.01 ppm
100 pF
0.01 ppm

10 pF

oY
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AC Quadrature J

V: _V, —jv bridge
AC Quadrature | <G oolw Soilouds 2 null detectors

®°C1R2C3 R4 =1 compares 2
resistors and 2

single frequency.

c1 S | capacitors at a
V
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Andeen Hagerling 2700A

50 Hz — 20 kHz, 5 ppm, 8
digits

QuadTech 7600 10Hz —
2MHz

0.05% accuracy, 7 digits

Agilent 4284A 20Hz — 1MHz
0.05% accuracy, 6 digits




3 b s 4 9 5 3 i

= 8 Fused Silica

| e o o oven to stabilise
SSEEEEEE—— 1 kHz, 0.4 ppm

Drift 1x10-7 over 10

years

Decade values, air or mica
(GR1409)

Thermally unstable

Air 1pF (15V) 3.2 ppm

1 HF (025 V) 100 ppm

%
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100 uH (ohms) 1T mH 2 mH
— 10 H (kohms)

Measure resistance
(HP3458A) — use with
temperature dependance
Use LCR meter as transfer
standard

Gives 100 ppm at 1 mHmM
500 ppm at 10 H
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Support posts

Support lead Thermocouple



(UHF )SITC 59531 Jlail &3 (5 of 92 Juwwo

Evacuated glass

envelope \ Insulating bead

Feed-through

Heater -

Thermocouple

Feed-through thermocouple leads
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Wl 00D Ly ya5 ) g 4 Ja) o laslewl S 5T AC-DC 6 5y Jlas! vl

S — Ve — dc

Vd C

where V. is the rms value of the ac input voltage, V. is the
dc input voltage, which when reversed produces the same

mean output voltage of the transfer standard as V.. £, s
I, » and £ __are the output voltages of the standard when the

dc

appropriate voltages have been applied.

= ‘Vch‘ = V. E, = Laen + Eaer _ E

‘ Vd cN
2

ac




PTB 3-dimensional MJTC

Heater 22 mm AI203 - bead
Thermocouples o

Supporting wires—___ #. Intermediate leads
CuNi44

=Y

iy
.ﬂ%

“y /| copper posts

A/

o "i
P y
Cu plating ,;*ﬁﬁll"!!!!!" A Vacuum
4 ﬁ”l]l'lﬂtug‘“%a through
TR LT TR =
nll“' e - | -leads
Jj.vii:ﬁf = A1[
7 T o _: .
SiO+adhesive Alglay < aanne

a4
http:// www.ptb.de/en/org/2/21/212/mjtc.htm
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Distribution on ac ’ L.
s/
Joule heat component _ \Ki Composite distribution on dc
\ /4 ‘g\ / I =+ (positive)
Change in temperature x,»“"“\\ £ ;
F 4
between ac and dc ra »f \
frequency independent transf¢r / ‘
error ; \
— ® 4
(negative) I I=+
First-order Thomson heat B /".‘ (Hassive)
component —<Ie, / First-order Peltier heat
N o e component
Second-order Thomson heat " R
component J =
I=+ & (negative)
(positive)
v 4
Support lead Thermocouple

B. D;/\Inglis, Standards for AC-DC Transfer, Metrologia, vol. 29, p. 193, May 1992



Shunt TVC - V251f 5 mA/1.1V/220 Ohm

10000 10000(

1000
Frequency/kHz

100

11 mV (4.2 mA) [-m—msm—mi

amv (38mA) |:
E=6mV(3.1mA) |

E

14mV (49 mA) [}

2 mV (1.8 mA)
[

E
E
E

Input current level c

NAT/ AQ @dudiay1q 19ysuel | abejjoA DQ-OV

74
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AC-DC TRANSFER

DC Calibrator

LLTTT] @)
Unknown AC AC-DC o o - .
COMPARATOR :—fo“ I
TRANSFER STANDARD [ITTT] oo

OUTPUT @ AC = OUTPUT @ DC

Real comparator AC = DC + ac-dc transfer difference

DC Multimeter 1

1T Array

AC SOURCE DC SOURCE
EAR L) @ I S @ I
Iac - i Idc
Millivoltmeter
E.=E I i I
ac —dc
PHCZP de 20 mm —>

ac

Izchheater::[zacRE {Zhea‘rer}

SINGLE -JUNCTION THERMAL

CONVERTER
0,4 - ac-dc transfer difference
defined at the input defined at the output
o < S - _ Ec‘rr_" — chr_"
cac—c e I: — o= ;. ac—de o =F .
Ve = ﬂE i -




Fluke 792A AC-DC transfer standard

Thermal >_ -
+
sensor

SIEENEE T

The T92A consists ‘[/
The Transfer Unit, Power Pack V R
Resisior and Transf y

Fluke 792A thermal sensor
s Manual switch

@

Battery pack 792A transfer unit 1000 V range resistor
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