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ABSERACT —— ~

An ac Josephson effect determination of e/h with significantly improved
accuracy is reported., The precision of the measurement is determined by un-
certainties associated with the comparison of a Josephson device voltage with
the emf of an electrochemical standard cell voltage reference and is about 3
parts in- 108. This precision was made possible by use of Josephson devices at
voltages above 10 mV and design and construction of two special voltage com-
parator instruments. The fabrication and operation of the Josephson devices
and the design and performance of the voltage comparators are discussed. The
3/108 precision represents the precision with which a drift-free and readily re-
producible Josephson voltage standard can be realized in practice using the
techniques developed for these experiments, The accuracy of the final result is
about 12 parts in 108 and is determined primarily by uncertainties associated
with the stability of the local electrochemical voltage standard and with establish-

-ment of the relationship between the local volt and the volt maintained by the

U. S. National Bureau of Standards. Significant improvements in the maintenance
oif the local voltage standard which contributed to reduction of the final uncertainty
to this value are discussed. During the course of the experiments, the Josephson
frequency-voltage relation was shown experimentally to be independent of mag-

netic field, temperature, and Josephson device bias voltage or induced step
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and its one standard

number to within the accuracy of the final resuit. The final experimental result/
deviation uncertainty

is 2e/h = 483,593 718 % 0.000 060 MHz/u (0.12 ppm) referred to the volt

VNBS69

as maintained by the U. S. National Bureau of Standards after Januzary I, 1969.

This result is in excellent agreement with the earlier less accurate result of
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Parker, Langenberg, Denenstein and Taylor, which played an important role.
in the 1969 adjustment of the fundamental physical constants by Taylor, Parker,

and Langenberg. It is in reasonable agreement with values recently reported

Ry T e

by several other groups. The significantly improved accuracy of the present

result makes possible a small improvement in the accuracy of the derived value

: of the fine structure constant and clears the way for a larger improvement through

more accurate determination of the proton gyromagnetic ratio.
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I. INTRODUCTION

In recent years, determinations ol e/h based on the ac Josephson cffect in
weakly coupled superconducting systems have begun to play a significant role in
improving our overall knowledge of the fundamental physical constants. ! Much
of the interest in such expeiiments results from the fact that in combination with
determinations of certain other fundamental constants they yield an accurate
value of the fine structure constant which can be used to assess unambiguously
the status ¢f the agreement between the predicticns of quantum electrodynamic
theory and experiment. These e/h determinations have also demonstrated the po-
tential of Josephson devices as '""atomic'' voltage standards with important

advantages over present electrochemical standards. In this paper we renort an

ac Josephson effect determination of e/h with significantly improved accuracy and

discuss its implications for our knowledge of the fundamental constants and for
the practical realization of a voltage standard based on the ac Josephson effect.

The present experiments, like the earlier ones, depend on the fact that if
an electrochemical potential difference Oy is maintained across a Josephson
junction, the junction carries an oscillating supercurrent with fundamental fre-
quency \)J=2Au/h.2 If Ap is identified with eV, where V is the electrostatic
potential differcnce (voltage) across the junction, \)J: 2eV/h. This is the
Josephson frequ.ency‘-voltage relation, and the effect is the ac Josephson effect.
A measurement of the freguency-voltage vatio determines e/h. This can be

done by measuring the frequency of the radiation emitted by a biased Josephson

junction or by using the microwave-indvuced steps first observed by Shapiro.

R R AR S e e s i

:
4




S R S ot i

E The first accurate determination of e/h using the ac Josephson effect was
&

4,5 , 6 .
reported by Parker, Taylor and Langenberg. The final result of this
3
E determination has a stated one-standard-deviation (10) uncertainty of 2. 4 parts

’ per million (ppm). This work motivated a new readjustment of the fundarnental

iz

physical constants and a re-examination of the status of quantum electrodynamic

theory and experiment by Taylor, Parker and Langenberg. ! It aiso provided

—

the basis for a discussion of the potentizl application of the ac Josephson effect
as a maintenance voltage standard by Taylor, Parker, Langenberg and

8
Denenstein.  During the development of the improved voltage measurement

b At S e Y ekt e

techniques used in the present measurement, a previously overlooked svurce of

possible systsmatic error in the work of Parker et al. was discovered. In order

b

to determine whether the earlier work was in fact in error, the data were re-

analyzed and additional measuremerts were made by Denenstein et al.” It was

concluded that no significant error actually occurred in the earlier experiments,
d and a slightly revised value of e/h with an uncertainty of 2.2 ppm was reported.

Earlier, Petley and Morris had reported preliminary results of a determination

10 11
of e/h. Their final result and the revised value of Denenstein et al. are
almost identical, both in value and in uncertainty. A value of e/h based on the
initial results of the present work has been reported by Finnegan, Denenstein,

12
and Langenberg. It has an assigned uncertainty of J.46 ppm and is in good

ot e R R b S e o N e it o

. agreement with the earlier values. Recently, Harvey, Macfarlane, and 15
13 and Kose, Melchert, Fack, and Schrader
F'renkel and Petley and Gallop ,/have reported high accuracy determina-

tions of e/h. The value reported by Harvey et al. has an assigned uncertainty
and that of Kose et_al., 0.4 ppm.

of 0.2 ppm, that of Petley and Gallop, 0.8 ppm,/ A detailed comparison of
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these results and the result reported here is maae in Section IX.

Before proceeding to discuss our experiments, we consjder several basic ‘é
points which are essential to any critical assessment of a Josephson effect de- S
termination of e/h. The first concerns poesible limits on the precise validity ;
of the Josephson frequency-voltage relation. Questions about the exactness of »;
the "2" and the "e'" and about the identification of Ay with eV have given rise g

to considerable discussion, published and unpublished. le The nature of the
superconducting state may be discussed in terms of what Yang has called off
diagonal long range. order (ODLRO). Within the context of such a discussion
the factor 2 foilows naturally from the fundamental two-particle (electron pair)
nature of the superconducting ODLRO. Tke existence of ODLRO together with

the requirements of gauge invariance and single valuedness of the superconducting
wave function has been shown to lead to fluxoid quantization in units of hc/Ze.”" 1..8
Using similar arguments plus the additional requirement of reversibility, Bloch
has given a derivatinn of the Josephson frequency-voltage relation. . Even if

this result is not accepted as establishing the exactness of the frequency-voltage
relation beyond all doubt, it is difficult to escape the conclusion that the "2" is
correct. In any case, the factor 2 is almost irrelevant since, as Parker et al,
have noted, any integer will suffice for purposes of determining e/h, although

the theoretical and experimental arguments for the integer being 2 are very

compelling.

With regard to the '"e'", Nordtvedt has argued that the electron charge in a

metal should differ from the free electron value by a material-dependent frac-

tional amount of order 10-10. A The difference arises because the Pauli
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principle prevents virtual excitation of positron-electron pairs to occupied
states in the Fermi sea in a metal, whereas these states are available in vacuo.
: 21 '
Counter arguments have been advanced by Langenbergand Schrieffer  and by
2

Hartle, Scalapino and Sugar. Langenberg and Gchrieffer suggest that in a
finite sample (Nordtvedt's calculation was for an infinite medium) Nordvedt's
charge renormalization is compensated by a surface renormalization charge
8o that the transfer of one electron to o~ from a metal is always accompanied
by the transfer of exactly one free electron charge. Hartle et al. reach the
same conclusion, showing by explicit calculation that the eigenvalue of the total
charge operator on any complete set of rroton and electron states is always an
integer times the free electron charge. Both sets of authors claim that the
question of possible renormalization of e is in any event not directly relevant
to Josephson effect determinations of e/h for reasons related to the role of the
electrochemijcal potential in such determinations.

The identification of the electrochemical potential difference Ap with eV
: : 23 . |
is central to the determination of e/h. In principle there rnay be contributions
to Ap other than eV; the two are not necessarily identical. Stephen and

24 . - ) )

Scully and Lee have studied the radiating Josephson junction theoretically and
predict that the coupling of the junction to the radiation field should canse the

radiation frequency to differ from 2eV/h by about 1 part in 108. However,

McCumber has shown that the electrochemical potential is also modified by the

e DN ekl et

coupling in such a way that \JJ = 2Au/h remains exact, = Parker et al.6 em-

phasized that because thL > 'voltage'' measurements made in an e/h determination

are really comparisons of electrochemical potential, there should be no need
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for concern about the effect of nonelectrostatic contributions to the electrochemical
potential or electron charge corrections associated with the details of the elec-
tronic states inside the junction. This point has subsequently been restated and

) amplified by various authors, 25,16, 21,22 but its importance warrants its repeti-

’ tion here: At no point in an ac Josephson effect determination of e/h do the
electron charge e or the electrostatic potential V enter separately in a real
operational sense! The '"voltage measurement' actually is a direct comparison
of the electrochemical potential difference acrossé a Josephson junction device

~ with the electrochemical potential of a standard cell. This is done by connecting
both devices in a closed conducting circuit which is adjusted for zero current
flow, Bo that §Vu . d; = 0, where the integral is taken around the circuit. The
electrochem.cal potential of the standard cell is then set equal to e times the
"emf" of the cell. This emf has an assigned value in terms of some as-maintained
volt (see below) wnich is determined through a chain of electrochemical pctential
comparisons term'ina.ting at the group of standard cells which defines this as-
maintained volt. This process connects the originai standard cell emf to the
entire system of self-consistent precision electrical standards (the use and
maintenance of which is also in actual practice based on electrochemical potential
comparisons), and thence to the fundamental definitions of the electrical units.
The nature of the factor e is determined by the identification of the charge carrying
entity in all of these electrochemical potential comparisons. In all of them, the

electrochemical potential is implicitly defined with respect to transfer of electrons,

so that e is in effect defined to be the free electron charge. Operationally, e

] and V never 'enter except as the product eV, and then only when eV is related




b
3
E
|
|
X
'{r
]

T L S ;g e

Qatieiins 4 e s

TERVEE

T A e AR

TR

TSI )

S L vde e AN T

S (R P PO Pl

to some standard cell clectrochemical notential. Clearly, questions about the
meaning of e must be considered in the context of its role in the whole elec-
trical mecasurement system, not its significance in any specific part of a

"'voltage' measuring circuit used in an ¢/h determination, including the Josephson

junction. This is why the question of a possible material-dependent charge re-
normalization in metals is not necessarily relevant to the Josephson effect
determination of e/h, 20 0%

Even though there appear to be no really convincing theoretical indications

of limitations on the accuracy of the Josephson frequency-voltage relation,

experimental tests of the relation's validity are essential in establishing confi-

dence in the use of the ac Josephson effect to determine e/h. Jn the course of
their experiments, Parker et al. found the frequency-voltage ratio to be indepen-
aent of (1) the junction material (Sn, Pb, Nb, Ta, Nb3Sn), (2) type of Josephson
junction {tunnel junctions and point contacts), (3) temperature (0.3< T/ch 0.9),
(4) magnetic field (0 to 10 G, (5) step number (20 5 n i 70), (6) microwave.
frequency (10 GHz and 70 GHz) and power, and (7) whether the ratio was mea-

sured using microwave-induced (Shapiro) steps or radiation emission, all at

6 . :

about the 2 ppm level. Clarke has con :ared the electrochemical potentials
of steps in super-normal-super proxin.ity-effect junctions of several materials,
. . 26 .
irradiated by the same rf source. He found that the step potentials for Pb,
Sn, and In junctions were identicial to within 1 part in 10 ., In their experiments,

e LHOR 111 . ,
Petley and Morris worked near 36 GHz and used solder-drop junctions
rather than tunnel junctions or point contacts, and were thus able to investigate

several different Fb-Sn-Cd alloys. The internal agreement of their results and

T W R T J8 1 R PSR T
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the external agreement with the result of Parker et al, further confirms
independence of material and frequency at a level of about 2 ppm. Finnegan
et al, have extended the frequency range to 891 GHz in a differential experiment
in which the potential of a high-order step induced by 9. 48 GHz radiation in a
Pb-Pb oxide-Pb tunnel junction was compared directly with the potential of a

2
step induced by HCN laser radiation in a Nb3Sn-Nb3Sn point contact. g The

the uncertainty
result indicated that the frequency-voltage ratio was the same within/1.5 ppm/
of the experiment.

/In the present work we have reinvestigated the temperature, magnetic field,

and step-number or bjas-voltage dependence and confirmed independence to
within several parts in 108. Taken together, these results indicate that the fre-

quency-voltage ratio is indeed independent of a wide variety of experimental

parameters at a level of a few parts in 108. In combination with the theoretical

ideas di_scusse'd above, they strongly support the assumption that the frequency-

voltage relation can be used zs the basis for a determination of e/h at the level
of accuracy claimed in the present work., We have based our work on this as-
sumption. It is important, however, that it be subjected to continuing theoretical
and experimental tests., One question which requires further investigation is that
of the possible importance of dynamic or non-thermal-equilibrium effects. A
Josephson junction Eeing irradiated by a strong rf field can hardly be considered
to be in thermal equilibrium. Josephson noted very ewrly that local departures
from equilibrium could modify the phase-time relation, 2 and Scalapinc has dis-
cussed this point.15 The work of Stephen, 23 Scully and Lee, 24 and McCurnberzs
concerned one example of a non-equilibrium effect. It is fair to say, however,

that a complete understandiné of non-equilibrium effects is not yet available.




A second basic point which requires discussion here is the nature of the
£8 ! - o
voltage measurement  and its effect on the uncertainty in an e/h determination.
The basic measurements in any ac Josephson effect determination of e/h are
, of frequency and voltage, The voltage measurement is by far the more difficult
and entirely determines the accuracy. The voltage is measured by potentiometric
comparison with the potential of an electrochemical standard cell. This cell
potential is in turn compared, usually by means of several intermediate standard

cell cornparieons, with the potentials of the group of standard cells which defines

some national or international as-maintained volt. In the case of the present
work, thkis is the United States National Bureau of Standards (NBS) as-maintained

volt as redefined effective January 1, 1969, symbolized V All Josephson

NBS69’
e/h values are expressed in terms of some such as-maintained volt, not the ab-
solute volt, and their uncertainties do not include the uncertainty in the relation
between the as-maintained and the absolute volt, (This is presently about 2. 6 ppm

for VNBSGQT) In comparing different e/h values, care must be taken to convert

all of them to a comimon voltage scale, taking into account relative drifts of the
national scales as reflected for example in the triennial international comparisons
at the Bureau International des Poids et Mesures (BIPM).

Our goal in the present work was an order of magnitude increase in cccuracy

over that achieved by Parker et al. Our motivation was two-fold. First, we

. wished to reduce the uncertainty contributed by e/h to our overall knowledge of
!

the fundamental physical constants. Perhaps the most significant result of such a

reduction relates to the fii.e structure constant, which can be written in terms of

a particular set of experimentally measured quantities as

10
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R_ is the Rydberg constant, c is the velocity of light, OABS/ NBS 1 the ratio

of the absolute ohm to an as-maintained ohm (here NBS5), p '/;iB is the proton
P
magnetic moment in Bohr magnetons, and Y' is the proton gyromagnetic ratio
as determined in a '"low-field'" experiment. The primes indicate determinations
in spherical samples of water, and it is assumed that 2e/h and Y;) are deter-
mined in terms of the same system of as-maintained electrical units as
O here NBS). Eq. | has several important features. It contains no
€4ns/ s | ). Eq v vmp -
quantities which must be derived from experiments using theories with signifi-
cant quantum electrodynamic corrections. It therefore yields a value of «
which can be used to test quantum electrodynamic theory against experiment
. 1 :
unambiguously, 2e/h and 'Yl':) appear in such a way that the rather large un-

certainty in the relation between the absolute volt or ampere and the as-rnaintained

volt or ampere is almost completely eliminated. R_, cQ)

/QNBS and pp/uB

have experimental uncertainties less than 1 ppm, so that the uncertainty of « is
controlled by the uncertainti:ss of 2e/H and Y;j. With the 2e/h vdlue of Parker ﬂ.,. .
Eq. 1 largely determined the final value of & in the 1969 adjustment of the fundamental
constants. ! A large reduction in the uncertainty of 2e/h would immediately yield a
more accurate value of @, and would provide an opportunity to achieve even higher

accuracy by improving the determination of *(;). The continuing advance of quantum

electrodynamic theory and related experiments makes this a highly desirable goal.

Our second motivation was to establish the Josephson junction as a practical

- - - 11 .
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primary voltage (electrochemical potential) standard. The accuracy of the
measurements of Parker et al. (and also of Pctley and Morris) was limited by
the modified commercial voltage measurement instrumentation used in these
experiments, Since, as we shall see, the uncertainties associated with electro-
chemical standard ceils are of the order of a few parts in 107, attainment of an
order of magnitude incrcase in accuracy in e/h implies reduction of instrumen-
tation uncertainties to at least this level. This in turn automatically imiplies
successful realization of the technology required for the Josephson voltage
standard.

We have attained our goal by improving our Josephson device fabrication to
obtain higher woltages, by designing and constructing voltage comparators with
performance optimized for this specific experiment and by using improved
standard cell comparison techniques. The performance of the special voltage
comparators was such that ths accuracy of the present experiments was controlled
by the stability and accuracy of the voltage standard itself, not the instruments.
Accordingly, we here describe the instruments only in sufficient detail to give the
reader a fairly complete overall picture of the experiments. Completc descrip-
tionsof the instrunients will be published elsewhere. SRS On the other hand, we
discuss our handling of the voltage standard problem in considerable detail, since
only by doing so can we provide the reader with sufficient information to permit
him to judge indepe}xdently our assessment of the dominant source of uncertainty
in these experiments. In Section Il we describe the fabrication‘ and performance

of the Josephson junction devices. Section III contains a brief description of the

instrumentation, excluding the voltage comparators. Section IV contains a

12




description of the maintenance and performance of our local voltage standard and
the procedures used to relate it to the NBS as-maintained volt. A rather detailed
discussion is nccessary here since the data in this scclion almost completely
determine our final assignment of uncertainty. In Section V the voltage compara-
tors are described. Section VI describes the experimental procedures used in
comparing the Josephson device with the local voltage standard. Section VII
presents the final result and a discussion of the factors contributing to its uncer-
tainty, Section VIII describes the results of differential experiments designed to
test the magnetic field, temperature, and step-number independence of the
frequency-voltage relation at a level of precision appropriate to the present ex-
periments. Section IX contains a discussion of the significance of our result for
the fundamental constants and for a voltage standard based on the a=~ Josephson

effect.

13

b
A
4

/]
3
]
b |
4]
&




VR T T o T R YW e

II. JOSEPHSON DEVICE FABRICATION AND PERFORMANCE

TR

A variety of methods for weakly coupling two superconductors to form a

31
Josephson junction have been developed. Precision e/h determinations to

6,13, 15
date have employed tunnel junctions? point contacts, and solder-blob

A e

junctions. 'Y’ Rt

For experiments like those reported here, the tunnel
junction has several advantages over the other types and we have used tunnel

junctions exclusively.

The most precise Josephson effect e/h determinations have used microwave-

E
-
|
E;
E
E‘Tt
|

induced (Shapiro) steps. These are steps in the current at voltages Vn=nh\¥2e;

the steps occur in the dc current-voltage (I-V) characteristic of a Josephson

junction exposed to microwave radiation of frequency V. An example of this '-
¥

effect is shown in Fig. 1d. Under the proper conditions, steps can readily be

induced in the I-V characteristics of all types of junctions. The usefulness of l
an induced step for e/h determination is characterized by (1) its voltage position,

(2) its current amplitude,and (3) its slope (dI/dV): These are interrelated., High

voltage measurement accuracy requires the highest possible step voltage consistent

with usable step amplitude and large step slope. A 'vertical' step (dI/dV = ®)

is desired so that the step voltage is independent of the current when the junction

e el ol g
e M e
T s

is biased on the step. Parker Lal.6 used both tunnel junctions and point contacts.
* They were generally able to gei usable steps up to about 800 uV (n = 40) in the
4 various junctions used. WNonvertical steps were observed in both types of junctions
for junction resistances of order 0.1 § and larger. For a junction resistance

E near 0.1 {} the voltage variation was about 10 nV over the height of the step and

14




increased with increasing junction resistance. (Unforturately no data on the

current amplitudes of these steps were reported.} Parker et al, concluded

that the voltage position of the center of the step gave the "correct' value of
e/h and estimated that it could be determined to about 10% of the tolal voltage
change over the step (i.e., to about 1 nV out of 10 nV). They also surmised
that the slope of the steps was due to fluctuation processes within the junction,
or external noise. Subsequent theoretical and experimental work has shown
that the steps are symmetrical about the ""correct' voltage and that the non-
vertical steps observed by Parker et al. were almost certainly due to external
noise. <5 Besds In the case of Finnegan et al. ,27 steps vertical to within the
experimental voltage resolution (1 nV at2 mV) were observed in both a tunnel
junction and a point contact with resistances of order 1 . Since these mea-
surements differed from those of Parker et al. primarily in the use of a shielded
room to exclude external noise, it was concluded that the nonvertical steps
observed by Parker et al. were indeed primarily due to external noise sources,
and that essentially vertical steps could be obtained renroducibly by taking care
to eliminate such sources. This has been done in the present experimenfs.

Our approach to the voltage measurement problem (see Section V) required
a Josephson device output‘voltage which was greater than 10mV and could be
adjustea (by varying the microwave frequency) to a fixed fraction of the standard
cell voltage, An obvious way to achieve such a voltage was to connect several
junctions in series, Tunnel jﬁnctions appeared more suitable for this purpose
than point contacts, since the independent adjustment of an array of point con-

tacts presented formidable mechanical problems. Parker et al. had already

15
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used two tunnel junctions evaporated on a single substrate and connected in series
to generate a total voltage of 1.6 mV.6 Parker ct al. used mostly Sn-Sn oxide-Sn
tunnel junctions in their work and, as noted earlier, normally obtained usable
ateps up to about 0. 8mV, or about (2/3) (2A/e), where A was the Sn energy gap

. parameter. For T «Tc' 2A for Sn corresponds to 1.2 mV. For Pb, 2A cor-

ekt e g b i S o et Gl e £ e e A S
A “ ¥

responds to 2.7 mV, and on the basis of the experience of Parker et al. steps up

to about 1.8 mV were expected in Pb-Pb oxide-Pb tunnel junctions. We therefore

P TR

decided to concentrate on the fabrication of Pb-Pb oxide-Pb series tunnel junctions.
F
Some Sn-Sn oxide-Sn junctions were also made but were not used in the final mea-

surements.

In order to obtain 10 mV, a device containing a minimum of five junctions
&
E’ appeared necessary, The final device design incorporated eight tunnel junctionn

on a single substrate. The additional junctions were included because

(1) individual junctions are occasionally defective (e.g., due to a dust particle’

i

;_ peanetrating the oxide barrier), and several spares were deemed desirable, and

E: (2} variations in junction dimensions cause the junction resonant frequencies to

t: véa.ry, thus complicating the problem of coupling comparable amounts of micro-

j wave power into each junction. The latter is a difficulty peculiar to tunnel

%( junctions. A Josephson tunnel junction is effectively an open circuited section

x of parallel plate transmission line and hence has resonant modes. The

; ' characteristic impedance of the line is very small compared with a typical wave-

guide impedance, and the junction thus presents a very poaor match to a micro-

wave source, except at frequencies near the junction reronant frequencies.

3 16
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In our junctions, relatively efficient coupling to a microwave source at 11 GHz
was restricted to frequencies within several per cent of the fundamental junction
resonance frequency. Since the resonant frequency d<nends on the junction
dimensions, efficient and fairly equally distributed coupling of power from a

single source to an array of junctions requires careful matching of junction di-

- - -

.

mensions, Extra junctions in the array permitted selection of an optimal subset.
Fig. 2 shows the device geometry used. The cross hatched region indicates
the first evaporated film,which was oxidized to form the insulating barrier. The
eight junctions are at the top of the figure, and the nine lands to which external
lead wires were soldered are at the bottom. The junctions were arranged close

together at the center of the substrate so they could be positioned in a waveguide

" where the electric field is a maximum and relatively uniform. The lands were

located as far as practical from the junctions to minimize degradation from
heating during soldering of the leads. The strips connecting the junctions and
lands were kept natrow mainly to évoid disturbing the microwave fields in the
vicinity of the junctions. In the "in-line'" or 'linear'" geometry shown in Fig. 2,
the dc bias current passes through each junctioh in a straight line and produces
no net magnetic flux in the junction, In the more commonly used 'cross-type'"
geometry, the dc current makes a right angle turn in passing through the barrier
and produces a net flux in the junction. 3 This magnetic flux is undesirable
because it attenuate; the Josephson current and hence the microwave-induced step
amplitudes. ‘ ‘

The devices were fabricated with a conventional evaporating system. Both

Pb and Sn tunnel devices were made on 2.5 cm square glass substrates. The

17
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films were approximately 1500 K thick. The junction dimensions were 0.15 mm x
0.8 mm, with the latter dimension determining the resonant frequency of about
11 GHz. The oxide barriers were grown thermally at about 50° C. A significant
factor in the success of our devices was the application of a thin layer (a few
thousand angstroms thick) of photoresist to the finished device. o8 Thiys coating
protected the junctions (particularly those made of Pb) from the adverse effects
of the atmosphere. The coating also permitted storage at liquid nitrogen tem-
peratures (t6 reduce diffusion through the oxide barrier) and reuse of pretested
devices with cycling through room temperature. Devices were stored at liquid
nitrogen temperatures up to seven months with no apparent change in I-V charac-
teristics. '
It was found that useful induced steps in tunnel junctions could be obtained
at voltages much greater than anticipated. In fact, with a sufficiently large micro-
wave field and an appropriate junction resistance(~200m{), Qsable steps could be
induced in single Pb-Pb oxide-Pb junctions at voltages greater than 10mV, i.e.,”
for V. >4 (2A/e)! Figure 1! shows the I-V characteristics of one of these junctions,
The indicated n = 450 step correspordsto a Josephson frequency VJ of about 5 THz,
In retrospect, the appearance of steps at very high voltages should not be
surprising. Simple theory predicts that the amplitude of the nth step is propor-
tional to jl Jn (ZeVrf/h\)), where jl is the amplitude of the Josephson super-
current density, Jn ‘is the ordinary Bessel function of order n, and Vrf is the
rf voltage induced across the qunction at frequency V. 3 jl has a complex fre-

quency and voltage dependence which includes a singularity when eV + mhv = 24

for m integer, so that the correct theory of step amplitudes is more complicated.39
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The important point is, however, that j1 remains sizeable for V > 2A/e, 3
varying as V-l. This, coupled with the fact that the first maxima of Jn(x) ¢
' -1/3
i (which occur for x ~n) decrease as n L , means that the steps should persist A
: )
: for voltages well above 2A/e. If the microwave power is sufficient to make i
P = - . -4/3 4
E (ZeVrf/h\)) ~n, the maximum step amplitude should decrease roughly as n F
| This is not inconsistent with our observations, but we have not made a detailed |

i
5

quantitative study of step amplitudes. Steps have been detected in Nb-Nb point

contacts to voltages as high as 17 mV by McDonald M.,Afo and voltages
approaching 10mV have been obtained in tunnel junctions under conditions similar
to ours by Fowler i&_t_l:n Some high accuracy e/h measurements were made using
the n = 450 step shown in Fig, 1(d). This step had an amplitude of about 20 pA.

| In general, it was found that steps emaller than about 10 pA could not be reliably

used because (1) small drifts in the dc bias current and microwave power made

"it difficult to reinain biased on very small steps, and (2) very small steps tended
16
{ to be somewhat nonvertical. Scalapino gives an approximate expression for

the intrinsic fractional width of a step, AV/V = exp (-hl_ /2ekT), where I is the %

[ siep amplitudé. This expression predicts a fractional width of less that 10-8 at

T = 1.2 K for 'Is > 1pA, In practice, external noise (froin nearby electronic equipment)

S S P D 0 oyt

wasg usually much larger than the intrinsic junction noise and a larger I was required,

R

It was also found practical to obtain 10 mV using several junctions in series

N o T AN T b3

as orginally planned. The principal advantage in this was the availability of

: larger current steps (ac least 50 pA) at the smaller voltages required of individual
junctions., Foth .Pb-Pb oxide-Pb and Sn-Sn oxide-Sn multiple junction devices

yielded usable 10 mV outputs. There were three practical difficulties

R e i i e S
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associated with the use of several junctions in series: (1) The resonant
frequencies of the various junctions had to be closely matched in order
to couple microwave power into all of the junctions simultaneously. This was
accomplished by tightly matching the iunction dimensions through the use of
precision evaporation masks (0.0l mm tolerance). (2) The microwave power
incident on the sample had to be aajusted very carefully in order to obtain a
combination of large amplitude steps whose voltages summed to 10 mV., (3) The
individual junction bias currents had to be maintained at the proper values des-
pite drifts in operating conditions. The iatter two problems were tractable but
did result in increased complexity. In practice it was found preferable to use
several junctions in seriee rather than just a single junction, and most of the
data were taken on such a de'vice. t

A s notedabove, the voltage measuring t_echniqﬁe which was adopted '
required that'the total sample voltage be adjusted to a specific value. This was.
done by choosing the nearest integer step and then tuning the frequency. Since
the step number wds about 500, the frequency had to be adjusted at most over
a range of 1 part in 500. In practice, the voltage could be continuously adjusted
over a somewhat wider range than required in both single and multiple junction

devices,
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111, MICROWAVE AND DC BIAS EQUIPMENT

In this section we describe the equipment and experimental apparatus used
to generate the microwave radiation, measure its frequency, and couple it to
the Josephson device, and the Josephson device bias circuitry,

A. Josephsor Device Holder
A sketch of the sample holder with multiple junction device in place is

shown in Fig. 3. The holder consisted of a length of standard X-band waveguide
with a slot milled in its broad wall to approximately half the depth of the wave-
guide, The device was placed in this slot and held by a close fitting metal cover
which maintained continuity of the waveguide walls. The lead wires used to
measure the junction I-V characteristics and step voltage were soldered directly
to the superconducting thin film lands on the device and passed to the terminals
outsiﬂe through grooves in the waveguide wall., These grooves were lined with
mylar tape for high insulation resistance. Insulated superconducting wire was
used so that only one lead rather than the customary two normal leads had to be
passed through the ;waveguide wall for each current-voltage connection. This
reduced fhe number of solder joints on the substrate, a definite advantage for
testing devices having a large number of junctions., The solder joints on the sub-

' pure
strate were made with/In, All e/h measurements were made well below the In
Tc (~3.4 K). It wa.si found useful to scratcil the lands on the substrate before
soldering in order to assure a good superconducting connectioﬁ. The photoresist
coating which protected the junctions also was observed to strengthen the mechani-
cal bond of the solder to the Pb films. The joints on the teflon-insulated terminais

outside the wavequide were made with ordinary Sn-Pb solder. From these

terminals, copper magnet wire leads were run to the bias supply and to the voltage
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comparator. These leads were run to the top of the cryostat in teflon tubing
and passed through small holes in polystyrene plugs which were sealed with 13
polystyrene cement. The portions of the voltage comparator leads inside the
dewar were enclosed in a metal tube in order to minimize changes in the K

therrnal emfs in these leads by maintaining a fixed temperature distribution

along their length, 22 The lower part of the tube was copper as indicated in
Fig. 3; the upper part was stainless steel. This tube was designed so that
1 in use the liquid helium level always intersect.ed the copper section. The
portions of thg bias and voltage comparator leads outside the cryostat were 5
:' enclosed in teflon tubing which was wrapped in aluminum foil for electrostatic
shielding. An cuter covering of cloth tape insulated the foil from the grounded
cryostat thereby preventing an undesirable ground loop.

A large.microwave field was required to induce'ateps 2t high voltages. In
order to couple the available microwave powe;' (~0.5 W) into the Josephson '.‘*..:

" device more efficiently, a low-Q cavity was formed around the device using

L

an iris {shunt inductive diaphragm) located a quarter wavelength above the
4 junctions and a sliding short below the device {o tune the cavity. The short was
operated by a stainiess steel tube which extended through an O-ring seal at

the top of the cryostat. ~’
B. Microwave Equipment 4
A block diagrarn of the microwave generation and frequency measurement

equipment appears in Fig., 4. The microwave source was a klystron phase-
{Curry, McLaughlin, and Ler model MOS-1).
locked to a continuously tunable quartz crystal oscillator in the stabilizer/

The frequency was measured by means of an electronic counting system

referenced to the U. S. Frequency Standard. Although the stabilizer kept the

22




frequency steady, the klyston was mounted in an air cooled oil bath to minimize
drifts in klystron tuning which might cause output power variations. Such varia-
tjons were undesirable since for a high order induced step (n ~300-500) to

be stable, the power incident on the junction had to remain constant to at

least 1% over a few minute measuring interval., Since it was also necessary

to adjust the power to better than 1%, a high resolution main attenuator was
used. The coupler was a standard 20 dB cross-guide type which was con-
nected to the stabilizer in the standard manner. Since in practice the stabilizer
was operated near'the uppcr limit of its frequency-range (12.4 GHz) and had

a high input VSWR, the attenuator to it was usually set near 0 dB (i.e. no
attenuation). The wave reflected from the stabilizer input passed directly
through the cross-arm of the coupler and was sufficient to operate the con-
verter. (Negligible signal coupled to the converter directly because the isolator
and main a’tt;:nuator were well matched.) Isolators are normally used on the
inputs of the stabilizer and converter because both generate a series of
harmonics at their inputs and can interact with each other. In practice no
interaction was observed in the absence of such.isolators because of attenua-

tion in the lcng cables to each of these instruments. A dc block between the

isolator and main attenuator prevented ground currents between the electronic

equipment in the microwave system and the cryostat, which was directly

grounded to the shielded room.
(Hewlett-Packard model 5245L)
The counter/timebase was regularly compared with the VLF transmissions
(Hewlett-Packard model 117A)
of WWVB. Since the counter and VLF receiver/were in separate locations, a
cable about 100 m' long was necessary to connect them. This required a

specially designed low-impedance arnplifier which was built into the counter

and allowed calibration of the timebase during e/h measurements. The aging
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rate of the timebase was only a few parts in 10 per day. An independent
check of the irequency measuring equipinent was made by directly counting the
: frequency of the quartz crystal oscillator. The frequency obtained in this way

9
agreed with that obtained in the normal way to 1 part in 10", the reproducibility

=l [

of the measurements. (To achieve this precision, a frequercy synthesizer was

. used.) In addition, the frequency spectrum of the phase-locked klystron output
was checked with a high resolution spectrum analyzer. The linewidth (full
width at half-power) was less than 200 Hz (2 parts i~ 108), the resolution of
the spectrum analyzer. No discrete sidebands greater than -60 dB (the noise
level of the analyzer) were evident. Late in the series of measurements, the
crystal reference oscillator in the stabilizer was replaced by the frequency
synthesizer. This significantly improved the short term frequency stability of
the system from about 1 part in lO8 to about 2 parts in 109.

C. Josephson Device Bias Equipment
' 4 A diagram of the wiring and dc bias circuitry of the Josephson device is

shown in Fig. 5. There were two leads on each terminal, one to supply the

bias current and the other tc measure the voltage. The two voltage comparator | &
leads were connected across the junction(s) to be measured as indicated in
3 Fig. 3. Sinde the 1-V characteristics of the junctions normally differed some-

what, it was necestsary to bias each one independently. The nth junction, its

leads, and associated bias unit are shown explicitly. Each bias unit supplied
an adjustable current to its junction and produced a voltage proportional to the
junction current (by means of a shunt) for oscilloscope display. A switch was
"f‘-f vsed to select the current and voltage signals of an individual junction. The

polarity switch reversed these signals when the junction current was reversed

in order to keep the display polarity fixed., Both signals were then offset in
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order to display a. small region of the I-V curv;a on an expanded scale (e.g.,
(the 4.2 V baitery circuit of Fig. 5)

Fig. 1(d). The voltage offset control/had a calibrated dial (~ 12 mV maximum)
go that the total device voltage (the sum of the individual junction voltages)
could be independently set to within 1% (100 gV or, equivalently, 5 steps), the
maximum range of the voltage comparison null detection system. A current
divider circuit was used for this offset to minimize the effects of thermal emfs,
" which are usually large in 10-turn potentiometers. In order to resolve clearly
the induced steps, which were about 20 uV apart, the voltage signal from the

junction was passed through a low noise dc amplifier.

Since only 18 leads were used to bias 8 junctions, the individual bias units

were joined outside the cryostat. This resulted in some interaction between the

; adjustments of adjacent bias units. For the system used, the lead resistance

was such that the interaction in the worst case was about 10% and was tolerable,

Since the voltage comparator leads were independent of the bias leads and the

i connections from the junctions to the terminals were entirely superconducting,

B this biasing interaction did not affect the high accuracy voltage measurements.

N

The circuit diagram of an individual bias unit is shown in Fig. 6. The dc
power source was a mercury battery chosen for its small size, low noise and
quite constant voltage. Since the I-V characteristics of the junctions used were

generally slightly different for the two polarities, separate forward and reverse

fine controls were provided in order to reverse rapidly without readjustment

] of the bias current. The current ranges available were 1 to 50 mA (full scale),

A small ac voltage could be added to the 'dc bias as indicated for oscilloscope

display of the I-V'curve [see Fig. 1(d)]. The ac sweep (about 1 mA at 60 Hz) was

25
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supplied by the power line through a specially shielded transformer whose input

and output were carefully filtered to prevent noise from reaching the junction.
A large fraction of the sou'rce voltage appeared across the shunt resistor so
that no extra amplification was needed for the current display. i i
The circuit diagram of the dc amplifier nece‘ssary for the voltage display
is shown in Fig. 7. This amplifier has a voltage gain of approximately 100 and

was designed for low noise and minimal drift when used with a low resistance

Gt

source such as a Josephson junction. The two transistors were a matched pair 4
assembled in a single case; this construction reduces the drift due to ambient

temperature changes. Two separatc zero controls were provided and could be

I TR T

set so that the zero was independent of the source resistance. The starred
resistors were trimmed to center the respective zeroing controls which were
a composition type for sufficient resolution. (The two resistors and diodes on

¥ the input were included to protect the amplifier frcm continuous overloads up

to 10 V or 100 mA.) The input and output resistances of the amplifier were
5 kQ? and 6 kQ? réspectively. Bandwidths of either 5kHz or 50 kHz could be |
£ selected with the switch BW. With the input shorted, the equivalent input noise

g was about 0.2 pV'rms (5 kHz) or 0.6 pV-rms (50 kHz). (Fig. 1(d) was made with

S i

tne 5 kHz bandwidth.) The maximum input signal for a linear output was about B
10 mV and the input drift was about 1 4V/hr under steady ambient conditions.

The oscilloscope used in these measurements had a maximum sensitivity of

N LS T
St Spge 5 e A

100 pV/cm on both horizontal and vertical axes.

N
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IV, VOLTAGE STANDARD

In this section we discuss the procedures used to establish and maintain
our local voltage standard and to determine the relationship between our local
volt and the NBS as-mainiained volt, Since the voltuge standard is the dominant
source of uncertainty in the present experiments,a rather detailed discussion
is necessary.

The local voltage standard consisted of three groups of standard cells,
Group A was composed of six saturated cells housed in a modified commercial
standard cell enclosure (Eppley model 106, serial no. 2910). Group B was
composed of three saturated cells and Group C was composed of three unsatu-

commercial
rated cells. Groups B and C were housed together in an unmodified/enclosure
(Eppley model 106, serial no. 4130). THe function of the enclosures was to
provide a constant'and uniform temperature environm.ent for the cells. Satu-
rated standard cells have overall temperature coefficients of about -60 uV/OC
near 30° C ind internal resistances of about 1 1.<Q. Unsaturated cells have over-
all temi)erature coefficients of about 2 uV/oC near 25° C (with sign and magni-
tude depending on the age of the cell) and internal resistances of about 500 .
The temperature coefficients of the individual electrodes of both types of cells
are of order 300 uV/oC and have oppositg signs‘.13 (The smaller overall
temperature coefficients result from partial cancellation of the individual
electrode temperature coefficients.) Elimination of temperature fluctuations
and of temperaturé gradients across the cells is therefore essential.

Since the electrolyte solution in an unsaturated cell is unsaturated, its

composition 'changes with time. As a result, the emf of this type of cell decreases

27
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at a rate of about 20 yV/yecar. Despite their larger temperature coefficients,

Yy
e,

saturated cells are normally used in precision mecasurements because they

izl

.

have greater long term stability. They are nevertheless rather sensitive to

current flow, charging or discharging, and to mechanical shock and vibrations.

T

Most saturated cells ""age' or drift, particularly when new, and exhibit long ,

time constant (months) response to temperature changes. The amount of drift

o b DG et i

varies from cell to cell and arises primarily from differences in construction

TR

: and in the histories of individual cells. In our experiments, Group A was
3 U.S. legal or as-maintained volt.
transported to and from NBS for calibration in terms of the / The enclosure

containing Groups B and C was not disturbed during the entire course of the
measurements, thus providing a means of assessing the effect of transportation

onGroup A. The primary function of Group C was to provide information on the

effects of temperature fluctuations in the enclosure which it shared with Group B.

r The thermal design of the enclosures was similar to that of Mueller and
: 44 - .
. Stimson. Each enclosure had a mercury-in-glass temperature regulator and
b
1 was designed to minimize both temperature gradients and the effects of cycling

of the reguidator on the cells. The tempci"ature of the standard cells in each
the | built in by the manufacturer.
enclosure wads mouitored by means of / mercury-in-glass thermometer/ Three

limitations of the original enclosures were (1) relatively low leakage resistance,
(2) a residual response to ambient temperature variations, and (3) insufficient

accuracy of the thermometer in monitoring enclosure temperature, The insula-

> : . . 9
tion resistance beiween two cells in the same enclosure was as low as 107 £,

The leakage resistance between aa individval cell and the excernal (grounded) por-

: tions of the enclosurc was as low as 1010 Q. Each enclosure and its 12 V gtorage

e s

L; battery were thercefore insulated (by placing them on plastic foam) and electro-

statically shiclded with a cage of wire mesh, The enclosures were each powered

s
L s
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by a 12 V battery (see Fig. 8) during all measurements to eliminate ac voltages

from this source in the standard cell circuit and to facilitate this necessary in-

gulation,
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The reading uncertainty of the mercury-in-glass thermometers read by
different observers using a low power microscope was about % 0. 002° C (la).
This corresponds to an emf uncertainty of about 0.1 gV, or 0.1 ppm. (The
random uncertainty for a single observer was about half of this) Other pos-
sible sources of error involved in using the thermometer as the temperature
monitor included ambient stem temperature corrections, variation in
mechanical pressure on the bulb of the thermometer, and correlated baro-
metric pressurAe effects on the bulbs of both the temperature regulator and the
therinometer. Mauast of these sources of error are particularly serious if the
enclosure is transported from one laboratory to ancther for comparison.
Thercfore, the enélosure containing Group A was modified internally before

e/h measuremnents were begun. The modifications were as follows: (1) The

with a similar thermostat supplied by the enclosure manufacturer.

thermostat was replaced/ (This raised the operating temperature of the enclo-
sure by about 0. 2° C). (2) A thermistor was installed to m:onitor the tempera-

ture of the cells. 'Using a high accuracy resistance bridge, the relative

4 o

temperature could'readily be resolved to better than 5 x 10" "C. (3) The leads

from the standard cell rack to the binding posts were replaced with much lighter

45

ones (32 gauge, or about 0.2 mm) to reduce heat conduction along this path.
All of these leads were taken from a single spool of wire to minimize thermo-

electric voltages. -

The local voltage standard was monitored and maintained by almost daily

intercomparisons of the cells in the three groups. A block diagram of the

standard cell comparison system is shown in Fig. 8. In standard cell compari-

sons, it is common to connect potentiometer leads directly to the cell enclosure

29
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binding posts. This procedurc has at least two drawbacks: (1) The cells may

be disturbed mechanically. (2) Transient thermals are generated which take

. an appreciable time to become negligible (i.e. less than 10 nV). The usc of

silver contact selector switches on both enclosures permitted pr rmanent con-

nections to the binding posts and avoided bLoth of the above proslems. The two

standard cell emfs were connected in opposit:xon at the junction box and the
voltage difference was measured with a potentiometer which had nanovolt reso-
lution. An unsaturated standard cell and a null detector were used o set the
potentiorneter working current in the usual manner. The null detector was the
(Guildline type 9460)
same one used in the e/h measurements and consisted of a photocell amplifier/
(Leeds and Northrup no. 2430-D). 46

and a galvanometer/ Since standard cells are known to rectify, measure-
ment errors will occur if sufficient ac is present. Therefore, all components

_ the standard cell enclosures and
in this system were battery operated (including/the lamps on the phoctocell
amplifier and galvanometer) to avoid ac pickup. A modified low-thermal reversing

(Guildline type 9145A)

switch/was used to eliminate the effects of zero drift in the photocell amplifier.
All wiring in the comparison system was twirted pair to reduce magnetic pickup
and was enclosed in an overall electrostatic shield.

Standard L,ellvcomparisons were carried out almost daily throughout the

period during which e/h determinations were made. Each comparison consisted 1

e

of observations of the emf difference between twelve separate pairs of cells,

STE LY,

one of each pair in each enclosure, Twelve observations were made in the

] - - - X — s 0 - -
sequence X Yl’ X1 YZ' X2 YZ’ 5 Y3 ,X6 Y6'X Y, where

1 6 1

R

Xi and Yi indicate the igl cell emf in enclosures Xand Y respectively. Frcm

these data the difference in emf between any two cells and other usecful'quantities

30 ) 0.}




could be computed. The random uncertainty for a particular day's corﬁparison /

was estimated by sun ming the twelve observations in the sequence with alterna-

ting signs so that the sum (termed a "residual') would be zero in the absence of

any (random) mecasurement error. (The initial or fiducial point in the sequence J

of observations was systematically advanced by one in successive comparisons. )

Fig. 9 is a histogram of a series of 78 such daily residuals and gives some idea

of the level of precision of the standard cell comparisons. The standard devia-

tion of the residuals was 25 nV, implying a random error for a single observation

of 25 nV/ {12 or about 7 nV.

Two types of computed voltage differences were routinely evaluated from

the comparison data. The first type consisted of the differences between each

- X)., These differences permitted

cell and its respective group mean (e.g., X

1

monitoring of the relative stability of the cells within a group and were insensitive

to small variations in the operating temperature of the enclosure. (The tempera-

ture cocfficients of the cells in a group were very nearly equal.) The second type

consisted of the voltage differences between the group means (e.g., X- Y), These

differences were mainly dependent on the relative stability of the groups and on

variations in the opéerating temperatures of the enclosures. In addition, the emf

differences between individual pairs of cells were also computed for those days on

which e/h runs were made. The linear combination (the over determined set) of

observations used to conipute each voltage difference was chosen (uniquely) to give

the minimum random ecrror in the computed result., For individual cell differences,

the random error for the worst case (e.g., cell pairs with cyclic sequence positions

differing by thiree) was only slightly greater (‘l 3/2 times 7 nV) than the random

31
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error for a single observation. (The systematic error associated with the effects

of thermoelectric emfs in the standard cell comparison circuitry was about 10 nV
as determined from direct measurements and from the results of the NBS Volt
Transfer Program.)

Examples of the first type of data are shown in Fig. 10 for two cells used
as working standards during e/h runs. (Inthe standard cell comparison data
shown in Figs. 10 and 11, no error bars are indicated because the random un-
certainty of eacl.m point is not larger than the circle marking the point. The time
scale corresponds to a .period extending from December, 1969 to July, 1970.
The time scales on succeeding figures are numbered correspondingly.} The mean
of a group X is denoted X. Most of the time the day-to-day scatter was several
parts in 108. Group B was nct disturbed mechanically during this period. Group A,
however, was.trané}ﬁorted to NBS t§vice for "calibration'. The first of these cali-

brations was made over a three week period just prior to Day 1.




The second calibration was made over the three week period indicated in the
figure. The occasional "jumps' in the B3-B data are typical cof the behavior
of standard cells, even w};en maintained under carefully controlled conditions,
and illustrate the importance of frequent cell comparisons in any voltage
standard mainterance program. The jumps are not necessarily attributable
to B3, since B includes the effects of the other cells in the ‘group. For example,
the large voltage jump on Day 88 was apparently caused by an abrupt shift of
about -0.5 pV in B2 alone. The cell B2 was identified as the one which changed
by examining the Bl1-B and B2-B data together with the B3-B data shown. The
voltage jump in B3-B on Day 190, howev.er, does represent an abrupt change of
approximately +0.1 pV in cell B3, ’ ‘

The A5-A data prior to the transport to NBS indicated in the figure show
no large voltage jumps. The shift and subsequent drift in A5-A. as the result
of transfer to and from and calibration by NBS is apparent. The corresponding
data for the othericells in Group A indicate that some of the cells changed more,
others less., A niore detailed examination of the stability of the individual cells
in the local voltage standard inciuding the unsaturated cells forming Group C is
presented in Sec. VIIB, : : !

fhe comparibon data fer the difference of the group means A and B during
the same 200 day!period are shown in Fig. 11.' Since the apparent temperature
variation of Group B as measured using'the thermometer did not exceed the
reading error, no terr‘xperature corrections were applied to this mean, The

mean K , however, was corrected for temperature variation us’ ag the thermistor

data. Most of thé day-to-day scatter in'A-B was less than 0.1 ppm and is




attributed to the uncorrected temperature variations in B. (Recall that an
uncertainty of 1()-3 °C in temperature is equivalent toc 0. 06 ppm.) Some of
| .

the scatter, however, was due to shifts in individual cells, For example, the i

effect of the -0.5 YV jump in B2 cited earlier (on Day 88) is readily apparent.
- Note that there is an apparent discontinuity between the data before and after ,

the transfer to NBS.

In the first of the two separate transfers of Group A to NBS during these

experiments, the group was calibrated by NBS using their normal calibration A

procedure (described in NBS Fee Schedule 211, 021e) and the temperature of

the enclosur.e was monitored only with the mercury-in-glass thermometer,

The stated uncertainty in this calibration procedure is 1 ppm [NBS Form

532a(11-68)] and is meant to be interpreted‘as 3 0.47 This uncertainty includes

an allowance "for the random errors in the measurement procedure and va.ria-

bility in the emf of the cell during test' and an allowance '"for the possible

effects from known sources of systemati¢ errors', such as temperature monitor i

errors and leakage resistance paths. It‘does not include an allowance for the

effects of transport, for which an additidnal contribution of 0.5 ppm (3 o) hae

been recommended to us. =8 Assuming a'normal distribu’ion of error, the ;

root-sum-square combined.l ¢ uncertainty is thus 0, 37 pprh. For reasons dis- ]

cussed in Section VIIC,‘ we have chosen to expand this uncertainty to 0.45 ppm.

Two factors which contr.outed to a substantial reduction in the uncertainty

of the subsequent transfer of Group A to'NBS about four months later were
improved temperature monitoring through use: of the thermistor in the enclosure,

and the use'by NES of an improved measuring'procedure developed for the NBS

g
bty i i
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Volt Transfer Program (see below). The NBS calibration data for the group

3 mean A are shown in the upper part of Fig. 12. The dotted line indicates

. the NBS assigned value of the mean. No day-to-day temperature corrections
were applied to these data. The apparent mean enclosure temperature as .
measured by three different observers during the calibration period using the

s mercury-in-glass thermometer was 30,193 °C. The resisfar;ce of the thermis-
E tor was also measured by NBS over part of this period (between Days 109 and
118) using the same type of resistance bridge used in our laboratory. Using
thermistor data from these and from our own prior and subsequent measure-
ments, all A data obtained in our laboratory before and after this transfer have
been corrected to an apparent temperature of 30.193 °C unless otherwise
noted. & Corrections derived from the less precise thermometer data are in
reasonably good agreement with fhe thermistor data. (It may be of interest

to note that a significant factor in this temperature co;'rection was a repro-=
ducible and reversible shift of about 0.01 °C in the temperature of the A

y: enclosure associated with the transport to and from NBS. This was observed

in both transfers-on the thermometer and in the second transfer on the thermis-
tor also. The cause is unknown, but it may conceivably be an effect of chahges

i in ambient pressure on the mercury-in-glass temperature regulator.) We have

i . assigned an uncertainty of 0.2 pym to this volt tranfer. The justification for

e S e e

s

this assignment re.quires a discussion of the apparent shift in A during the

transfer (see Fig. 11) using the e/h data. We defer discussion of this point
to Section VIIC, I

A third volt transfer was carried out using a new NBS service known as
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the Volt Transfer Program (VTP). >0 The transfer consisted of three steps:
(1) NBS calibrated a transportable group of cells, hereafter called Group D, in
terms of the U, S. Secondary Reference Group. Group D consisted of three
saturated standard cells housed in a thermistor-regulated enclosure (Guildline
Model 9152T/4, Serial No. 24834) operating near 35°C. The apparent tem-
perature of the enclosure, measured with the built-in thermistor bridge and
dial, could be resolved to about 10-3 RE) The leakage resistance be-
tween the cells and grounded portions of the enclosure were all greater than
1012 1. The group was then transported to the University of Pennsylvania
under continuous power, as in the transfers of Group A. (2) Group D was com-
pared with our cell groups in our laboratory using the same measurement
sequence (design)used by NBS. (3) Group D was returned to NBS and recali-
brated in terms of the Secondary Referente Group by NBS. The value of the
group mean D during the period in which ‘Group’B was in our laboratory was
derived from the data obtained in steps (1) and (3). The NBS calibration data
for D in terms of the U. S. Secondary Reference Group are shown in the lower
part of Fig. 12. (All data for Group D were corrected to a temperature of

35, 000° C.) 'The NBS assigned value of D while at our laboratory (from ap-
proximately Day 180 to Day 150) is indicated by the dashed line. It is the value
indicated by a linear least-squares fit to the data shown for the midpoint of the

period during which Group D was in our laboratory.

The comparison data for A - D at the University of Pennsylvania are shown

4n Fig. 13. The vbitage differences are large because the operating temperature

of Group D was about 5° ¢ higher than thé opergting temperature of Group A. In
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8
order to achieve an accuracy of one part in 10 in the voltages being compared,

: their difference had to be measured with an accuracy of 35 ppm. The calibra- -

tion of the potentiometer and its reference standard cell used in the comparison

wag determined to about 10 ppm. In Fig. 13(a) A-D is plotted versus time,
in Fig. 13(b), versus ambient temperature. The dashed lines are lingar least- -

squares fits to the data. The slopes together with
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‘signed an uncértain’cy of 0.14 ppm (1 o) o the mean A during the transfer period.
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their random uncertainties are indicated. Over this time period the difference

A - D did not drift significantly and the standard deviation (the day-to-day scatter)
was about 0.04 ppm. The plot of the data versus ambicnt temperature [Fig. 13(b)],
however, reveals that some of this scalter was due to the non-negligible sensitivity
of the temperature sensors in both groups to the ambient ternperature. Taking

the dependence on ambient temperature into account reduces the standard devia-
tion of A- D to 0.03 ppm and reveals a possible source of systematic error.
Because the me;am ambient temperatures of our laboratory and the NBS laboratory
differed by less than 1° C, this possible source does not contribute significantly
to the overall transfer uncertainty in our case. It could be important, however,
in transfers between laboratories with larger ambient temperature differences.

On the basis of experience with many similar VTP transfers, NBS has as-
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J V. VOILLTAGE COMPARISON INSTRUMENTATION
i 1
As noted in the Introduction, the immproved accuracy of the present
B
. . measurements resulted partly from major improvements in voltage comparison
instrumentation. These included the design and construction of two new voltage |
¥
- comparators (specialized potentiometers) and substantial modification of the
) photocell-galvanometer null detectnr system. In this section we present a ‘
[ brief description of the two comparators and the modified null detector system, 4
| and a detailed analysis of the sources of error in the voltage comparison system. %
E; A complete des~cription of the design, construction, and performance of the com- 7
, : 29,30
parators will be published elsewhere.
Since the voltage supplied by a “osephson device depends on the irequency
4
of the incident microwave radiation and is therefore precisely '"tunable', the
: comparison of the device voltage with a standard cell voltage can be rather
_““ simply accomplished by the use of a fixed voltage ratio as illustrated in Fig. 14,
i ‘
k Two voltages with an appropriate ratio (here 100:1) are generated by passing a
g
: stable working current through two series resistances. The working current is
:
i
E adjusted so that the voltage across the larger resistance is equal to the standard
E cell emf (~1 V), The microwave frequency is then adjusted until the Josephson ;
i device vollage is equal to the vollage across the smaller resistance (~10 mV), \
; . |
_; The ratio of the two compared voltages is then equal to the ratio of the two re- a
E
E‘ sistances., The voltage comparison problem reduces to one of establishing a
' i
g sufficiently stable and accurately determinable resistance ratio, An important 1
¢ g . g o ”
1 advantage of this fixed-ratio comparison technig.e, made feasible by the tunability y
§ of the Josephson device voltage, is the elimination of the adjustable resistance
| ]
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element of the conventional potentiometer together with its attendant complexity

and sources, of uncertainty.

The two voltage com[;arators we used were based on two different methods
of establishing the critical resistance ratio. Although one would have sufficed
for e/h determination, two were designed and built because each had different
advantages, disadvantages, and dominant sources of systerhatic error. A com-
parison of their performances was expected to reveal any unexpected sources
of systematic error, test our estimates of the uncertainties associated with
expected solirces’of systematic error, and perhaps indicate which method was
more suitable for use in practical Josephson voltage standards.

A. Series-Parallel Comparator

The design of the first voltage comparatot was based on a method called
double series-parallel exchange.izThe method'depends on the fact that if n
nominally equal desistors are connected'first in series and then in parallel, the
ratio of the resistances of the two combinations is n2 with an error second order
in the degree of resistance matching. B A simplified circuit diagram of the
Series-Parallel Comparator (SPC) is shown in Fig. 15. A resistance ratio of
100:1 was obtained by using two sets of ten matched resistors, one set in series
and one in parallel. The use of tetrahedral junctions bletween these main resis-
tors and of'comptnsating resistors (fans) for paralleling the series-paralle-l
network petmitted achievement of high accuracy.in the series-to-parallel trans-
fer despite relatively high lead and connection resistances. °3-53 The resistance
network was fed by a high stability (0. 5ippm /hr current drift) power supply

"

regulated by a mercury battery under essentially no load. If the two sets 'of ‘E
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resistors arc "exchanged'", i.c., the sct originally in series reconnected in
parallel,and the other set reconnected in series, and a second pair of balances
made, the cffect of incquality of resistance between the two sets of resistors
is reduced to second order if the results from the two pairs of balances are
averaged. The éffccts of thermoclectric voltages in the circuit were eliminated
by reversing the SPC current, the standard cell, and the junction bias current.
The main advantage of this method is that the overall ratio can have considerably
greater accuracy than that with which the individual main resistors can be com-
pared. The main disadvantage is that the power dissipated in each of the series-

' parallel networks changes by a factor of 100 when they are switched from series
to parallel connection. The resultant heating effects can introduce error.
Table I summarizes the sources of uncertainty in e/h associated with the
All uncertainties are intended to be one standard deviation.
SPC./ The following comments apply to the indicated items:

-{a) The random uncertainty of the mean in an average e/h run was about Z parts
in 108 (éee Section VII). If the results of several' such runs are combined, the
overall random uncertainty is reduced to 1 part in 108.

(b) Seven checks of the matching of the resistors in the main resistor strings
were carried out during the seven month period in which e/h runs were made,
The matching remained within tolerance throughout the period. An uncertainty

of 4 partsin 109 duc to resistor mismatch was estimated by computing the second
order corrections to the resistance ratio using the data from each of the tolerance
checks. The total resistances (1k{?) of the two series-parallel networks remained

matched within 10 ppm, and contributed negligible uncertainiy to the measurements.

(¢) The fan resistor mismatch uncertainty was estimated in a similar manner

39




Sadis a et R e B R R e i L PR TR e e T Dt nt s e R s S T ol B s s s B S AR TR b Tl L (e A P A cTE AR R PR

from fan check data. The direct paralleling of the end main resistors through

a single fan introduced an additional error29 and required application of a cor-
rection of 2 parts in 108 to the data. The estimated uncertainty from both of
these scurces was 1 part in 108.

(d) The two independent transfer resistarh\ces of all 18 tetrahedral junctions

(these are not required at either end of a series-parallel nétwork since only
three connections are required at these points) were measured at the beginning
and end of the seven month period, The junction asymmetries introduced an
uncertainty‘of 4 parts in 109.

(e) The physical arrangement of the main resistors was chosen to minimize
heating effects through thermal coupling of the two strings. (If the two strings were
perfectly thermally coupled, the heating error would be zerc since the total
power dissipated din both strings would be the same before and after exchange.
Thus, this errorijis smaller than the individual resistor string self-heating errors
by a factor which depends on the degreeiof thermal coupling between the strings.)
The heating' effects in the SPC were measured in situ using the usual ""bridge
within a bridge".-5~6 The two series-parallel resistor strings formed two arms

of the bridge, and additional ac power was applied to one of the strinrgs. The
quantity of interest was thus directly measured, i.e., one of the strings was
heated while the ratio of the resistances of the two was monitored. The heating
effect was measured at several different added powers (between 5 and 20 times
normal operating power) and the.results extrapolated to the normal operating
power. On the basis of these tests, a correction of about 3 parts in lO8 was ap-

plied to the e/h data with an uncertainty of 2 parts in 108,
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(f; Another source of uncertainty in any single series-parallel network is the
fact that the resistance ratio is not established simultaneously, i.e., one mea-

surcment is made with the network in series and at a different time a second

onc is made with the network in parallel. Any change in the average resistance
between the two measurements . g., from temperature variations) will cause

a first order ratio error even though the individuval resistor matching remains
within tolerance. In the present instrument, the largest contribution to this

type of error is internal temperature drift resvlting from a systematic ambient
temperature drift during e/h runs. Since the SPC was enclosed in a temperature-
regulated oven which reduced the effects of anibient temperature variaiions by

a factor of about 100 and a double series-parallel exchange was used, the un-
certainty due to temperature drift was only 3 parts in 109. {The double exchange
mecthod further reduces the effects of temperature drifts to the extent that the
temperature coefficients of the two series-parallel strings are matched, 'i.e.,
the resistance ratio can refnain fixcd even though the resistanceé of both networks-
changes.)

(g) Since in practice the junction and standard cell balances were made con-
secutively rather'than simultaneously (see Section VI) a correction was required
for drift of the comparator power svpply. . This correction averaged about 2 parts

in 108 with ‘an unc¢ertainty of 1 part in 108.

(h) The balancing érocedurc used required interpolation of the null detecter
deflections and employed a ealibrating signal to normalize these deflections
(sce Section VI and Fig. 15). Although the resistors used to produce the cali-

brating signal had a 1% tolerance, the actual values were measured in order to
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compute the magnitude of the calibrating signal. The interpolated corrections

averaged about 1 ppm and the uncertainty in generating the calibrating signal
was about 1% (primarily due to resistor aging),57resulting in a measurement un-
certainty of 1 part in 108.

(i) The effects of leakage resistance in the SPC were estimated in two ways.
First, the individual leakage paths were measured directly. This was possible
because the construction included extensive guarding. These leakage measure-
ments were each made over a time interval comparable to the usual balancing
times (about one minute) and thus yielded realistic values. Such tests were
made several times to verify that the insulation had not deteriorated during
actual use, ' Second, the leakage effects were evaluated during actual e/h mea-
surements by individually grounding (one at a time) each portion of the circuit
(Joséph'son de‘vicd,. standard cell, SPC, null detector, etc.) and observing the
effect on the null detector balance. On the basis of these two typés of leakage
measurements, the estimated uncertainty from this source was 1 part in 108.
(j) A related source of uncertainty was dielectric polarization. If the direct
leakage measurerhents described above were made over a long time interval
(greater than onethour), a much larger value of leakage resistance could often
be obtained than in a measurement madg‘ over«several minutes. This was due
to a component of the insulator dielectric polarization which required several
hours to reach itd équilibrium value. AnbLtherrsouzce of polarization currents
is piezoeleétricity induced by stresses rlesulting from machining or rhounting

insulators. In practice this could produce small unwanted currents in various

parts of the circuit, In order to minimize these currents, the various parts of



the
/ measuring circuit were grounded when not in use. The polarization currents

using an eclectrometer

were measured in the SPC/and were found to contribute an unceriainty of about
2 parts in 109.
(k) The last source of uncertainty considered here (associated with the SPC) is‘vari-
ations inthe thermalem{s. Thesearise from boththe SPCandthe leads tothe Josephson
dervice (which traverse a large temperature gfa.dient). The variations of the
thermal emfs in the i,nstrumeﬁt were reduced by specially selecting the low-
thermal solder used for each particular type of joint and in the jﬁnction leads
by the thermal shielding. From the results of the step-number/'ﬁias-voltage
differential experiment discussed in Section VIII, we estimate 5 parts in 109
for this uncertainty.

The root-sum-square total uncertainty is 3.1 parts in 108 and represents
an estimate of the total uncertainty associated with the SPC voltage comparison

system,

B. Cascaded Interchange Comparator

The design of the second voltage compar .tor was based on the use of a
series of high-accuracy resistance comparisons to establish the critical 100:1
resistance ratio. A simplified circuit diagram of this Cascaded Interchange
Comparator (CIC) in the measuremecnt mode is shown in Fig. 16. The calibra-
tion of the voltbox was carricd out using a second independently powered volibox
incorporated in the instrument, Figure 17 shows the circuit arrangement for
the first step in the calibration procedure. ’With the switches set as shown, a
10 £ equal-arm Wheatstone bridge was formed. These resistors were trinimed

until the null detector indicated a balance for both positions of the "interchange"
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switch. The pair of 10 Q2 resistors in each voltbox were then equal. The next
position of tlhe "gelect ratio" switch was then used to form a 20 § bridge with
which the two 20 § resist;ars were matched to the two series pairs of 10
resistors. ‘Each of the remaining resistors were matched to a previcusly

measured combination in this way until, on the last (seventh) calibration step,

iithe 360 {) resistor was matched to the sum of the 320 £ and 40 §! resistors.
Q

Iféad compensation required by the low resistor values employed was provided
By use of an independent power supply for each voltbox. Only one voltbox was

required for e/h voltage comparisons, but the'second could be used to check

main advantage of this method is that thé residtors are always subjecied to the

vantage is the chain of precision resistance comparisons required for calibra-
tion, in which first order errors can arise. !

> | Table II summarizes the sources of uncertainty in e/h associated with the
CIC. Some of the sources of uncertainty for the CIC are the same as those for
the SPC sirice the overall construction for the‘two was similar., The leading
sources of luncertainty, however, are quite different in the two instruments.

The following cothments apply to the indicated! CIC uncertainty items:

about the same as that for the SPC, i.e. 2 parts in 108. In addition, there was
a random uncertdinty associated with the CIC calibration procedure. This

amounted to about 3 parts in 108 for a single ¢alibration. During a typical e/h

] ‘

ST

(a) The random uncertainty of the meanfor a typical e/h run using the CIO was -

£ run two calibrations (one at the beginning and the other at the end) were performed &

SR e

o
7
i

[ -
S

the results obtaired with the first since both were calibrated equally well. The -

same power and hence heating effects should be negligible., The main disad-
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which resulted in a net calibration uncertainty of about 2 parts in 108. The

T

total random error for a run using the CIC was obtained by combinirig the

contributions from the measuremrents and from the calibrations. The final

random uncertainty for several such runs was estimated to be 2 part in 108.
(b) Since the lead compensation in the CIC depended on matching buth the con- ‘
naction resistances in th-e cé-libr:;tion (Wheatstone) bridges and the voltages

1 across the two voltboxes moderately well, an uncertainty which was essentially
the product of these two mismatches resulted. Nearly all variations in the

_): connection resistances arose from switch contacts because the wiring resis-

tances were'carefully matched during construction. These contact resistance
v
variations were directly estimated by pefforming a series of calibrations using

only a single power supply, thus making:the voltage mismatch 100%. The first

step in the standard calibration proczdure consisted of equalizing the voltages

across the two voltboxes. During the calibration these voltages driftéd apart,
and an estimate of this drift was made by measuring the lack of eguality asithe
last step of the standard calibration proecedure. The estimates were 5 parts
in IO4 for the connection variations and 4 parts in 105 for the relative power

supply drift. Thus, the systematic calibration uncertainty from the combina~

tion of these two factors was 2 parts in IvOB., 1 i

(c) Because'the trimmer resistors on ad’acent main resistors of the CIC
resistance strings shared a common lead, there was a small differ~nce between
the ratio as meagured during calibration and the ratio which existed during

3
actual use of the tomparator. . We have estifnated an uncertainty of 7 parts

in lO9 from this source.
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(d) Since the temperature of the CIC'oven drifted between calibr_ations during )
a run and the temperature coefficient of the 100:1 resistance ratio was not
negligible, a small systematic uncertainty resulted. The main contributor to
this uncertainty was the nonlinearity in the temperature drift which was not
eliminated by simple averaging of the calibration data. The uncerta.inty from

this source was about 3 parts in 109.

(e) The power supply in the CIC was of the saine design and construction as

e

that in the SPC., Since during measurements both instruments were used in the

O .. -
-

same manner and‘the CIC power supply was observed to be as stable as the one

LENE

8
in the SPC, 'an uncertainty of 1 part in 10 was also assigned to this source for

the CIC, @ | ' |

(f) The uncertainty in generating the calibrating signal in the SPC was mainly

TR A A I 3 g

due to aging of the calibrating resistors) The corresponding uncertainty for
the CIC was significantly smaller because this instrument was used over a
much shorter time interval. An additional calibrator signal uncertainty arose
from the CIC calibration procedure. The combined uncertainty from both sources <
was about 5 parts in 109, " B

(g) The effects of leakage resistance in the CIC were evaluated in a manner

similar to those in the SPC. The asscciated uncertainty ip the CIC was about

4 parts in 109. This uncertainty was smaller than that in the SPC, probably as

a result of the somewhat simpler circuitry in the CIC. | '

(h) The dielectrié polariz.ation current was also measured in the CIC and an

uncertainty of 2 parts in 109 was assignéd to. this source.

(i) The effects of thermoelectiric voltages on CIC measurements were estirnated

¥,
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in the same way as for the SPC and again contributed an uncerta!i(nty of 5 parts

in 109.

The root-sum-square total uncertainty is 3,2 parts in 108 and represents
an estimate of the total uncertainty associated with the CIC voltage comparison
system. The estimat=d total uncertainties for the SPC and CIC, although made’
up of quite different components, are almost identical. This indicates that in
use,the two instruments should give results of comparable accuracy which agree
to within the joint instrument uncertainties provided no significant source of
systematic error has been overlooked in either instrument. The results of
comparisons of the performance of the two instruments in actual use are pre-

sented in Section VII.

C. Null Detector System

A single null detector system was used for both the Josephson device and
standard cell balances, (In Fig. 14 two separate null detectors are indicated
for conceptual simplicity.) The null detéctor system consisted of a photocell-

(Guildline type 9460)
galvanometer amplifier /with negative feedback, modified to drive a strip chart

‘recorder. Other limprovements in the amplifier included (1) reduction of varia-

tions in the thermal emfs, (2) increasing the input resistance for standard cell
balances, and (3) complete electrostatic shielding of the unit. The photocell
amplificr employed two types of feedback. Series (voltage) feedback, which
produces a high input resistance, was used in the standard cell balance to mini-
mize the off-null currents. Parallel (current) feedback, which does not add
any resistance in series with the input circuit, was used in the Josephson de-

vice balance for minimum Johnson noise (the dominant source of uncertainty in
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this balance). When used with the SPC and CIC comparators, the null detector
resolution for the standard cell halance was about 1 part in 108 (100 nVinl V)
and for the Josephson device balance was about 2 parts in lO8 (0.2 nVin 10 mV),
For the routine standard cell comparisons discussed in Section IV, the
same photocell amplifiér was used with series feedback (to minimize off-null

currents). In this case, a display galvanometer was used rather than the strip

chart recorder which was neither essential nor desirable. The resolution for *

the standard cell comparisons was about 5 parts in 109 (5 nV in 1 V),
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VI. EXPRERIMENTAL PROCEDURE AND RESULTS

In this scction the experimental procedure for a typical e/h run is described
and the ?csults are presented.

A block diagram of the dc measuring system and the Josephson device
biasing system as arranged for an e/h run is shown in Fig. 18. Since the
Josephson devices used in these e/h measurements could be stored at liquid
nitrogen temperature for long periods of time, they were maintained at this
temperature in the cryostat and repeatedly reused. DBe-
fore each run a complete standard cell comparison was carried out. Several
bours or more after the cryostat was filled and all electronic equipment was

Josephson device

turned on, data taking began. The / was biased and the microwave power

adjusted to produce a total step voltage of about 10 mV., The comparator was
Josephson device,

connected to the / standard cell, and null detector system. While the
Josephson device
/ voltage was monitored with the comparator, the step number and then the

microwave frequency were adjusted to within about 1 ppm of the proper values.
By this time the ternperatures in both the cryostat (1.2 K) and the shielded room
(about 25o C) had essentially stabilized. The e/h data were obtained by alter-
Josephson device
nately balancing the comparator against the / and the standard cell and
measuring the microwave frequency. The polarity of all voltages was reversed
betwecen certain pairs of balances in a sequence (usually + - - +) which would
average out not only thermoelectric emfs but also uniform drifts in these emfs.
A total of 16 pairs of balances were made in about 24 hours during a typical run.

Since the operating conditions varied somewhat during the run, the dc bias

currcnt, the microwave power, the microwave frequency, and the thermoelectric
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voltage offset in the comparator were adjusted as required. During most runs
the counter time base was compared with the WWVB standard frequency broad-
cast, After most runs, a second complete standard cell comparison was made.

The raw e/h data consisted of a strip chart recording of a series of com-
parator balances. D\;ring a run the strip chart recorder was operated con-
tinuously to permit accurate interpolation of the null detector balance data (versus
time) and elimination of the effects of the various drifts. Operating parameters suchas
temperatures and relative microwave power incident on the Josephson device
were monitored ahd noted on the chart recording. A typical section of analyzed
data is shown in Fig. 19. Straight lines'were fit by eye to each portion of the
balance and the numerical values of the deflections were determined by mea-
suring the distances between appropriate pairs of the fitted lines. These
distances were measured at the mean tifme (as indicated, for exampie, by the
arrows in Fig. 19) of each comparator balance. Each balance yielded three
quantities: the cdmparator imbalance (GJ or GS), the calibration signal (MS),
and the mean timle of the balance. The nhormalized con parator imbalance was
calculated as the 'ratio o-f G.; or (—Z"S to MS and k;/as independent of the gain of the
null detector system. Three or four normalized pairs of imbalances were then
combined as required by the particular sequence of polarity reversals used and
combined with the resp..tive microwave frequencies and standard cell voltage
to obtain an indepe.ndent 2e/h value. Ina typictal run, four such values were
measured. & : o

Experimental values of 2e/h were calculated from the equation 2e/h=fnv/V_,

S
where B iB . -~ - .npared voltage ratiol'VS/VJ'(very nearly 100), n is the step
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number (about 500), Vv is the microwave frequency (about 11 GHz), Vs is the
standard cell voltage (about 1 V), and VJ is the total Josephson voltage (about
10 mV). Since the uncertainty associated with the voltage standard used in
these measurements was larger than that from all other sources combined
(particularly in the later runs), it was fo{md useful to treat the standard cell
voltage as a possible variable. It was therefore convenient'to rewrite this
equation in the form (Ze/h)Vs = Bnv = FS , the equivalent standard cell Josephson
frequency. Expressing the results in terms of FS is particularly desirable
since the standard cell comparison data (Section IV) clearly indicate that at
least some df the cell emfs were changing in time, while e/h is presumably
constant. ' ! f

Results for three of the later runs which coincided with the NBS VTP
transfer of Group D to the University of Pennsylvania are shown in Fig. 20.!These
data were obtainedl using as a working standard cell A5 ghortly after group A had
been returnéd from. NBS). The standard deviation of the individual points within
a run and the standard deviation of the mean for each of these runs arie indicated.

Altogether there were 23 e/h runa. For Runs 1 through 11, the working
standard cell was:Bl, for Runs 12 th.rough 18, 'cell B3, and for .Runs 19 thrOug};
23, cell A5, Equivalent standard cell Josephson frequencies were obtained for
the other cells using the standard cell comparison data taken on the same days
as the runs, The'standard cell frequency FS sfor the group mean A s plotted
in Fig. 21 as a function of time. Only 2} experimental points are indicated be-

cause two runs wére made while CGroup A was at NBS being calibrated. The

error bars on the'individual points represent the random uncertainty of the mean

- - ‘.
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for the run plus an estimate of the uncertainty in the standard cell emfs caused

by the disturbing effects of the run itself on the ambient conditions, particularly

the temperature of the standard cells. These two uncertainties were genérally

comparable in magnitude. Figures 22, 23, and 24 show the corresponding data

for the individual cells comprising Group A. Since the random uncertainty in

the standard cell comparison data was only about 1 part in 108, the net uncer-

tainties for the FS of the individual cells are essentially the same as those shown

for A in Fig. 21.

The standard cell frequency data for the group mean B are shown in

Fig. 25. The error bars for these points were obtained in a manner similar to

those for Group A. The dashed line in a least-squares fit to the data from Runs

11 through 23, assuming equal weighting for each point and excluding Run 12 on

Day 64. (The significance of this line is discussed in Section VII.) Figure 26

shows the corresponding data for the individual cells in Group B. Note that the

points for both Bl and B3 are offset vertically.

The FS data for the three cells in Group C are shown in Fig. 27. On the

scales shown, the experimental uncertainty in each point is smaller in magni-

tude than the symbol indicating the point. The solid straight lines represent

least-squares fits to the corresponding solid points, and the slope for each fitted

gsegment is indicated in the figure. The broken lines indicate times at which ap-

parently irreversible shifts in cell emfs occurred, (The final aging rate {about

0.04 ppm/day) for cells C5 and Cb is typical for unsaturated standard cells.) The

data.poihts with open symbols had significantly greater uncertainties than the

others and were not used in fitting the straight lines, In Fig. 28, the deviations .
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of these data from the least-squares fitted lines are plotted on an expanded scale.

The standard deviations for the solid points about the fitted lines are indicated.




VII, DISCUSSION AND ASSIGNMENT OIF UNCERTATINTIES

The various contributions to the final total uncertainty of our result can be
scparated fairly unambi;;11(.>L“sly i1.1to threce Ca.tcg:{orics: (1) Uncertainties asso-
ciated with the measurement system exclusive of the local voltage standard.
These we call "measurement uncertainties'. (2) Uncertaintice associated with
fluctuations and drifts in the local voltage standard. (3) Un'certaintics associated
with volt transfers betweenour local volt and the NBS volt. In this section we
discuss each of these in turn, and then combine them to obtain our final result

and its uncertainty.

A. Measurement Uncertainiies

The sources of random uncertainty in an individual e/h run were of two
types: (1) Random uncertainties associated with the measurement system ex-
clusive of the voltage standard, such as fluctuations in the frequency stabilization
system, thermal noise in resistors, variations in the thermal emfs in the cryostat
leads, and any randornly varying components of the sources of systematic uncer-
tainty in the voltage comparator system; (2) Random uncertainties associated with
very short term fluctuations in the working standard cell emf. The latter are to
be distinguished from drifts in standard cell emf during the course of a run due
to changes of ambient temperature. These were corrected for; the additional un-
certainty associated with these corrections is discussed in Section VIIB, Random
uncertainties due to short term fluctuations of standard cell emf were not dis-
tinguishable from those duc to other sources in the measuring system and are

thereforc included in the total random measurement uncertainty,

In the eariy runs the random uncertainty of the mean was about 0.1 ppm.
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This wos reduced to about 0.02 ppmn in the later runs {sce, for example, Fig. 20)
by refincments and improvements in the mmeasurement procedure. These in-
cluded: (1) Comparison of the standard cclls and measurement of the cell enclo-
sure temperature both before and after the run, beginning with Run 8; (2) Improved
statistics resulling from an increase in the number of experimental points
measured in a run from about two to five; (3) Use of a multipie junction device.
Three junctions connccted in series were used beginning with Run 4. The current
amplitudes of the individual steps were then all greaier that 50 pA, thus reducing
the effects of external noisc on the steps; (4) Use of the regulated power supply

in the SPC beginning with Run 6, Prior to this, the instrument had been operated
in the unvegulated mode; (5) Avoidance of rapid variations in the microwave power
incident on the junction, This was important because variations in the microwave
power werc observed to cause changes in the drift of the thermal emt:s in the
junction leads from the cryositat. Particular attention was given to this problem
beginning with Run 13.

We have assigned a tolal uncertainty of 1 part in 108 to the frequency

measurement, This is primarily due to drift in the frequency stabilization system
during the period of a single Josephson-device balance (about 3 min. ) and the
conscquent lack of exact simultaneity of balance and frequency measurement. It
also includes an estimate of the uncertainty associated with the calibration and
maintenance of the f‘rcqucncy-counting system, which was a few parts in 109.

The possible dependence of the step voltage on bias current (nonvertical steps)
was checked experimentally by varying the bias current and simultanecously moni-

toring the step voltage under operating conditions with the SPC. Within the voltage
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resoclution of about 0.2 nV, the step voltage did not change while the current

was varied over the full height of the step. During measurements all junctions
were biased ncar the center of the step. This bias point could be maintained to
within about 20% of the total step height for single junction steps near 10 mV.
For larger steps ﬁear 3 mV in a three-junction device, the mid-step position
could be maintained roughly three times better. An uncertainty of 4 parts in 109
has been assigned fo take intq accouni possible systematic error due to non-
vertical steps.

The estimated uncertainties associated with each of the two voltage
comparators have been discussed in Section VA and VB and are summarized ip
Tables I and II. The total uncertainties for both instruments were about 3 parts
in 108. These uncertainties were obtained by evaluating all known possible sources
‘ : of systematic 2rror in each system and may be termed a priori uncertainties. A

crucial question is whether these a priori uncertainties are a true representation
f of the accuracies of the instruments and of the vqltage measurements made with
thern, or whether some important sources of systematic error may have been
overlooked. Our purpose in building two instruments based on different princi-
£ i ples was to check just this point by comparison of the two instrments.
B The SPC was used in all 23 runs. The CIC was used together with the SPC
' in Runs 22 and 23, The indi-idual FS data for these two runs are plotted in
Fig. 29. From these data the difference in the apparent \.roltage ratio provided
by the two instruments was deduced. Thé principal source of uncertainty in de-
termining this difference was the drift which is apparent in Fig. 29. That this is

not primarily due to a real difference between the two instruments is evident from

56

it il bedidnsihwntin A Coli R X[TOY L5s v; b ; i R0 £ j : A

s |



TR Sty

o i ot

g

P TR A T TERRA E

TRV

ar

- e

|
E.

the fact that the order in which they were used was reversed in the second run
and the fact that this drift appeared in all runs which extended over such rela-
tively long times. The drift is attributable to drift in the emf of the working
standard cell due to increase of the ambient t;':mperature during the course of a

run (sce Section V]IB). Two different pro|cedur.cs were used to take inlo account
this drift in Runs 22 and 23, In the first, the FS data for each instrument were
treated independently and a correction for the drift of the cell was computed

from the ob'scrved icmperature change of the cell measured before and after the
run. The difference in the voltage ratio of the two instruments evaluated in this
manner was 2.8 £ 2,6 parts in 108. In the second procedure, a straight line was
least-squares fitted to all the FS data within each run. (These are the dashed
lines shown in Fig. 29.) An average ratio difference of 1.5 & 1.5 parts in 108
was computed from the two slopes and the appropriate time intervals.

In a separate experiment r;erformed two days after Run 22 and two days before

Run 23, the 100:1 voltage ratios established by the two instruments were compafed
directly by connecting their 10 mV (Josephson device) inputs togeéher and employing
a separate working standard cell for each, Sixteen sets of balances were made
with the two instruments. FEach set consisted of two standard cell balances and

a common '"Josephson device' balance. The CIC was calibrated at the beginning,
midway through, and at the end of this instrument comparison run. 'fhe voltage
difference between the twe cells determined from the instrument data was

3.092 £ 0.018 ppm. The average cell difference measured via the direct stan-

dard cell comparisons made before and after the run was 3,108 * 0. 020 ppm.

(These uncertainties include only the random component.) The voltage ratio
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: 8
difference computed from these data was -1.6 2,8 parts in 10 . The weiphted

mean of this result and the more precise result from Runs 22 and 23 is 0.8 4 1. 1

L PESPIRERT

8 . . . ;
parts in 10 . The weighted mean with the less precise result from Runs 22 and

23 is 0,8 £ 1,9 parts in 108. Comparing these with the voltage ratio difference ?

8
expected from the a priori estimated uncertzinties, 0 ¥ 4.5 parts in 10, we

8
conclude that the two instruments agree to within.about 1 part in 10, that there

are prohably no significant unsuspected systematic errors in either instrument,

and that the estimated a priori uncertainties assigned to the two instruments are

realistic,

Combining root-sum-square either instrument uncertainty with the {requency

measuremecnt and nonvertical step uncertainties, we estimate a total '"'measure-

. . 8
ment uncertainty' of 3.3 parts in 10 .

B. ILocal Volt Uncertainties

The uncertainties associated with our local voltage standard may be discussed

in three categories: (1) contributions to the random uncertainty; (2) uncertainties

due to standard cell temperature drifts during e/h runs; (3) uncertainties due to

long term drifts and sporadic shifts in cell emfs over long times (months). As

noted in Section VIIA, the first category is indistinguishable from random un-

certainties due to other components of the meaéuring system and has been included

in the overall random measurement error.

Drifts of the emfs of all the standard cells during e¢/h runs occurred because

the cell enclosurc temperature regulators failed to compensate completely for

{1l) the increase in‘ambient temperature in the shielded room (typically several

degrees) due to power dissipation in electronics and a less-than-ideal room



temperatore control system, and (2) & change in power dissipation in the enclosure
temperature repulator circuitry caused hy switching from the ac nower source
normally uscd to the de battery source used during runs, This was not a problem
during onr routine standard cell comparisons because there was much less power
dissipation in the shielded room and because these measurements required less
than an hour. Typical e/h runs extended over several hours, and the drifts of cell
emfs were not negligible, Measurements of the temperature within each cell
enclosure before and after e/h runs and evaluation of the F_ data taken during

S

the runs indicated that the changes in emf of the standard cells were smooth and
monotonic. This was confirmed in a separate experiment in which a series of
standard cell comparisons was made at 1.5 hr. intervals under typical e/h run
operating conditions. It was found that individual cell differences relative to the
appropriate group mecan varied randomly by amounts between 0.2 an.d 1.2 parts
in 108, while the group mean d-ifferences varied smoothly and monotonically by

much larger amounts, This strongcorrelation among the cell emfs in a particular

group indicates thut each enclosure maintained a fairly uniform temperature in

the face of ambient temperature changes, but the variation of the group mean
differences shows that each snclosure respo;mded to ambient temperature drifts
by different amounts. The cell emf drifts varied from run to run and were
generally about a factor two greate: for the enclosure containing Group B than for
the modified A enclosure. Corrections for these drifts were made for cells in
Group A using thermistor temperature data ‘and for cells in Group B by assuming
that the emfs of the unsaturated cells in Group C (in the same enclosure with

Group B) were constant between the standard cell comparisons before and after
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the run. (Recall that the temperature coefficients of the unsaturated cells were
about a factor of thirty smaller than for the saturated cells.) The qu data for

th individual cell being used as a worl ng standard generally shcwed a mono-
tonic increase with time in very good agreement with that implied by the observed

th cil enclosure. The drift was more severe for runs

teinperature change in
in which the data were taken ove: a long time interval, e.g.’, contrast the data
for Runs 22 and 23 (Fig. 29) \yitht’hose for Runs 19,20, and 21 (Fig. 20) Runs 1
through 18 were fnade using cells from Group B as working standards and thé
drift was usually between 0.1 and 0.2 ppm. The drift rate in Runs 19 through 23

(in which a cell from Group A was used) was smaller.

The uncertainties associated with the temperature corrections applied to the

mean of the FS data for each run depended on a number of factors including the
size of the correction and the timing of the temperature measurements and
standard cell comparisons. The uncertainties varied between 0.07 ppm in some
of the earlier runs (excluding the first two) and 0. 02 ppm in the later runs. This
uncertainty has not been included in the uncertainty budgets for the two voltage
comparators (Tables I and II) because these are meant to characterize the per-
formance of the voltage measuring systems using a hypothetical perfectly stable

voltage standard. ' The temperature correction uncertainties have however been

incorporated in the error bars on the final FS data shown in Figs. 21 and 25,

since these error bars are intended to reflect the total random uncertainty -

from all sources, before allowance for uncertainties associated with possible
systematic effects. (It should be noted that thé errcr bars on the points in Fig.

21 also apply to tlie corresponding points in Figs. 22-24, and the error bars on

] . ¢
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the points in Fig. 25 apply to the corresponding points in Fig. 26. They have

been omitted from the individual cell FS plots for clarity. The standard cell
comparisons required for the necessary FS transfers had a negligible uncer-
tainty of 0.007 ppm (sec Sec. 1V].)

We have assigned an uncertainty of 5 parts in 108 to the short term local
volt stability. This includes an :stimate of the uncertainty in our standard cell
temperature drift correction procedure and a small contribution from effects of
changing thcx.-moelectric emfs in the standard cell comparison circuitry,

Consideration of the third category of local voltage standard uncertainty,
that associated with long term stability, requires some discussion of the FS déta
displayed in Figs. 21-28. First, we must reemphasize that our presentation of
the data in this manner rests on the assumptions that neither the Josephson de-
vices nor the voltage comparison system used in these experiments exhibit any
significant long term drift, anci that the nonsystematic uncertainties assigned to
the comparison of Josephson device and standard cell voltages (the error bars in
Figs. 21 and 25) are realistic. Our previous discussion of the stability and per-
formance of the two voltage comparators and careful study of all of the e/h and
standard cell comparison data strongly- support this assumption! It follows that
the significant variations evident in the FS data are to be attributed to the stan-
dard cells, This allows us to draw some important. conclusions about the
properties of our standard cells and, by inference, any standard cells maintained
under similar circumstances, g

Consider the Fs data for A shown in Fig.s 21. The largest differencé

hetween any two values of FS(T\) was about 0.3 ppm. Prior to the indicated
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transfer of Group A to NBS, a small but significant downward drift is apparent.

The data immediately after the transf{cr imply that Fg(—/;) had increascd by

©

about 0.2 ppm. This shift is also reflected in the A-B direct cell comparison
l —

data (Fig. 11). When the final two runs were made about two months later, F_(A)

S

had decreased to a value smaller than that which it had just prior to the transfer.

T

The transfer shift can be traced in more detail in Figs. 22-24. Cells A2 and
A3 do not appear to have been significantly disturbed by the transfer. Cells

A4 and A6 had increased by about 0.2 ppm when measured (Runs 19, 20 and 21)

G T L A S ik

immedidtely affer their return from NBS. Cells Al and A5 exhibited the most

drastic changes. A5 had increased by about 0.5 ppm but then decreased over a

KEFEuCE e

period of several months (see also Fig, 10) to a value consistent with that ex-

S i
e——

pected on the basis of the pre-transfer data, Al exhibited the greatest instability

SERREA s RS g e

of any of the cells inGroup A. Before the transfer, the emf of this cell steadily
decreased at the rate of about 0.01 ppm/day. This accounts for most of the

negative slope apparent in the data for FS(K) prior to the transfer. The emf of

AT SRR g a

)

Al after the transfer differed by about 0.5 ppm from that obtained by extrapolating

w2

the pre-transfer data, Note also the abrupt change in Al between the last two
runs. (This except‘;ional instability of Al was not entirely unexpected. It is by

far the most 'shopw.orn of the Group A cells, having been used as the working

standard throughout the experiments of Parker et al. and in other work,and having

4
B
¢

.
[
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i
%

suffered at least one momentary short circuit. It does however indicate the im-
portance of a cell's life history in determining its behavior.) Al might have been
delerted from Group A for purposes of com"puting 7\, but this would not have altered

any of our conclusions, so it was retained,
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The I‘S data for B shown in Fig. 25 showla relatively large upward drift
for the first several months which is reflected in the individual cell data (Fig. 26)
and the A - 1_3: cell “comparison data (Fig. "ll). ;I‘his again is most likely a history
effect. The Group B cells had been aged about three yecars at a rélativcly constant
tempecrature before they were mounted in their enclosure by the manufacturer
about three months before Run 1. The operating temperature of the enclosure
was about 2° C higher than the aging temperature. The large initial drift lasting
for about five months is probably a recovery from this temperature shock.

A linear least-squares fit to the FS(E) data for Runs 11 (Day 59) thr.ough 218,
excluding Run 12 (Day 64), is indicated by the ciashed line in Fig. 25. This fit
was made to see whether the data were really consistent with a linear drift of
(Group B (after the large temperature shock transient had died away) plus scatter
of the magnitude expected from the a priori estimated uncertainties indicated by
the error bars together with possible day-to-day temperature fluctuations in the
Group B enélosure. The result for Run 12 was omitted from thé fit because it
was based on only'one e/h datum (due to technical difficulties during the run)
whereas the others were based on about five e/h data points. All the data were
weighted equally because it was expected that the enclosure temperature fluctua-
tions might account for most of the scatter. The slo.pe of the fitted line corresponds

to an apparent drift in B of about 3 x 10-?/day (about 1 ppm/year). The standard

deviation of the points about the fitted line is 0.06 ppm. This corresponds rather

well with the a priori uncertainties indicated by the error bars. On the other hand,

this standard deviation could be entirelyiaccounted for by a day-to-day enclosure

30

temperature fluctuation of just 10°~ ~C,” an amount which is entirely’
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consistent with our experience with the performance of both enclosurecs. Note
' i
also that the large deviation of the point for Run 16 (Day 102) from the fitted 4
L] L] L] n ] '
: i
line can be traced to a large fluctuation in cell B2 which is also evident in the g
Fy(B2) data (Fig. 26) and the A -B data (Fig. 11). i
' 3
Consider now the FS data for the cells in Group C shown in Fig. 27. The %

significance of these data is twofold. First, the average stdndard deviation of

0.04 ppm for cells C4 and C6‘ is in excellent agreement with the a priori uncer-
tainties. (The a priori uncertaLinty for each of these cells is essentially identical
to that for the correSponQing FS(E)' ) Second, the smooth agir.xg of cell C4 between
Runs 11 and 21 angi to a lesser extent that‘ of ce"11 C5 between Runs 11 and 23 are
additional evidence that both the dc measurement system and the Josephson de-
vice voltage used to compare and evaluate A before and after the final transfer

| to NBS did not change during this transfer period. This implies that the apparent
-shift in K during this transfer~rea11y is associated with Group A, not the remainder
of the system. : 1

Taken a's a whrie, our standard cell comparison and FS data show that the

long term behavior of standard cells is characterized by drifts at various rates

et e i A e i T — e T

and by occasional sudden shifts. By careful study of frequently obtained direct

{7

comparison 'data on a relatively large number of cells and of data obtained by com-

s e RS G

paring cells with a stable Josephson voltage standard (the FS data), the drifts and

shifts can be identified with specific cells or groups of cells and can often be con-

e e e

nected with causal events in the history of the cells. The scatter of the FS data
for cells whiclh show no abnormal drifts or shifts is cousistent with the a priori

uncertainti€s estimated from knowledge of the measurement system and procedures,
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We therefore concluae that it is unnecessary to include in the total uncertainty

of our e/h result any contribution associated with the long te*m behavior of our

it
N

local voltage standard, except insofar as this behavior influences the assignment

of uncertainties to volt transfers between our laboratory and NBS. This is dis-

cussed in the next section. j
Another very important conclusion which can be drawn from the data dis-

cussed in this section is that the ac Josephson effect can be used to maintain

standards of electromeciive force with short and long term precisions of several

i - parts in 108 using the instrumentation and techniques we have used in these ex-

periments, This demonstrated capability'surpasses by an order of magnitude the

demonstrated performance of emf standards based on electrochemical standard

3 cells,

i C. Volt Transfer Uncertainties

The three volt transfers by which our local volt vias related to the NBS volt

have been described in Section IV. The procedure we have adopted for analyzing 9

our data and obtaining a final value of e/h involves treating the three traﬂsfers
independently and deriving a value of e/h for each. Accordingly, we now con-
sider the final uncertainty to be assigned each transfer. i
As notéd in Section IV, the uncertainty in‘the first transfer of Group A
derived from standard NBS uncertainty estimates is 0. 3? ppm. In a preliminary

1
report of our experiments we assigned an'uncertainty of 0.45 ppm to this transfer.

The components of'the transfer uncertainty given in Section 1V differ from those
given in this preliminary report because of subsequent clarification of the meaning

of the uncertainty estimates contained in NBS Form 532a (11-68). a5 Rather than
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adopt the new (sma}ler) uncertainty, we have chosen to retain the 0.. 45 ppm un-
certainty for the following reasons: (1) The enc}osure housing Group A had been
modified by replaciﬁg the temperature regulator and changing tne leads to the cells
only about one mqnth before NBS began measuring the cells. This may have been
insufficient time for the cells to recover from the accompanying trauma. (2) We
have been informed that NBS had a power failure during the calibration period

which caused a brief shutdown of the temperature regulator of the oil bath
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containing their reference cells. The value of 2e/h associated with this

transfer and based on the first ten runs is thus the one given in Ref. 12,

"
a

(Ze/h)I = 483.593 65 % 0,000 22 MHz/uvVv (0.46 ppm)

NBS 69
The second NBS calibration of Group A was made in April, 1970. (It is
important to note this date to facilitate future comparisons of our result with
those of workers in other countries. This calibration coincides with the final
measurements matle by NBS as part of the 1970 international voltage comparisons

»

at BIPM. )47The FS data for Group A, temperature corrected using the thermistor
data (Fig. 21), indicate that the group mean A increased by about 0.2 ppm as a
result of the transfer, then decreased to a value near that which it had just prior
to the transfer. The same Fs data temperature corrected using thé thermometer
data showed an apparent shift in A of about 0.5 ppm. (The temperature changes
indicated by the thermometer and the thermistor differed by about 5 x 10-3 oC.)
With no temperature correction at all, the apparent shift was 0.55 ppm.
Our data and the NBS A -da;a (Fi-g. 12) suggest‘ that physical transport of Group A
both to and from NBS caused an upward shift im A which was followed after both
transports by relaxation downward. Because the thermistor was less sensitive
to mechanical sheck and vibration and could be resolved much more accurately
than the thermometer, we belisve it provides better temperature correction data
and therefore, the real overall (transient) shift associated with the transfer was
about 0.2 ppm.

In order to obtain a value of 2e/h associated with this transfer it is necessary

' : ' .
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to determine the value of FS(K) which ccrresponds to the mean voltage A
assigned by NBS (K dashed line, Fig. 12). This was done as follows: (1) A

value of FS(E) on Day 116 (the central day of the transfer) was calcuiated from
the least-squares fit to the FS(_B) data frcr Runs 11 through 23, excluding Run 12
(dashed line, Fig. 25). (2) A value of A-B on Day 116 was obtained by least-
squares fitting a straight line to the A - B data taken on the same days as Runs 11,
13 through 16, and 19 through 21. (The fitting of a single straight line may be
objected to because it does not take into account the transfer shift in A. The cor-
responding shift in A-B is barely significant, however, because B was drifting
upward during the‘transfer period. As a result, the Day 116 A - B obtained from
the mean of beparate fits to the pre- and post-transfer A - B data is almost
identical to that obtained from a single fitted line.) (3) These numbers were then
combined with the value assigned A by NBS to'yield

(2e/h) , = 483. 593 730 £ 0.000 101 MHz/pV (0. 21 ppm)

NBS69

. |

Because the NBS measurements of Group A during this transfer were made

following the procedure of the NBS VTP rather than the usual calibration prbcedure,

the uncertainty associated with the transfer might be taken as that recommended

by NBS for a typical VTP transfer, 0.. 14 ppm, 5'nl However, because of the appal:e_nt

shift of A ae a result of the transfer and the uncertainty associated with corrections
for this shift, we have chosen to expand the uncertainty assigned th.s transfer to

0.2 ppm. The uncertainty quoted for (Zeyh)II is a root sum square of this uncer-

tainty with the mezsurement and local volt uncertainties discussed above.
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The VTP iransfer of Group D between the University of Pernnsylvania and
NBS was made nearly simultaneously with the second transfer of Group A. The
procedure used to determine a value of 2e/h for this transfer was to com-
bine the FS(X.) d_ata for Runs 19, 20, and 21 with the A-D data obtained on the
same three days using VTP procedures. The resulting mean value of FS(B) was
then combined with the mean D assigned by NBS for the transfer, yielding

(2e/h) , = 483.593 720 £0.000 074 MHz/pV (0.15 ppm)

NBS69
The uncertainty is the root sum square of the measurement and local volt un-
certainties with the 0. 14 ppm transfer uncertainty recommended by NBS on the
basis of NBS experience with a large number of similar transfers.51 This esti-
mate of the transfer uncertainty is supported by;the following observations:

(1) The mean of the A-D dat;a. for the three days on which the runs were made
and the mean A - D for all standard cell comparisons made in our laboratory
during the VTP transfer {Fig. 13) agreed to 1 part in 108. (2) The FS(B) data
indicate that D drifted during the three week period during which Group D was
at the University of Pennsylvania with about the same slope as that indicated by
the NBS calibration data before and after the transport of Group D to our labora-
tory., Our data yield a slope of (-8.2 £ 3.7) x 10-9/day; the NBS data yield ’
(-6.2 £2.3) x IO_q/day. (3) The relative btability of the three cells comprising
Group D was significantly better than that for some of the cells in Group A.

(4) The mean ambient temperature of the two laboratories was about the same

23°c). , .
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The final valug of 2e/h and its nncertainty were determined on the basis of
the following.considerations: NBS interprets the 0. 14 ppm uncertainty for a
VTP-type transfer as a_llmost entirely random, i.e., the effects of systematic
errors are beli;aved to be negligible at this level of accuracy. The enclosures
of the two different standard cell groups transferred were of different construc-
tion and the dominant uncertainties in each case were the effect of the physical
transport itself either directly on the cells or indirectly by way of the tempera-
ture sensing elements. We have therefore assumed that for the last two transfers
the uncertainties are uncorrelated. The net transfer uncertainty for these two
transfers together, calculated in the usual manner, is thus ahout 0.11 ppm. The
value of 2e/h to be associated with Runs 11 thrdugh 23 was then calculated as the
mean of (2e/h)II and (Ze/h)III , each weighted as the inverse square of the cor-

responding transfer uncertainty alone. (Note that (Ze/h)II and (Ze,’h)III agree to

. '8 ,
within 2 parts in 10 . Since the two transfers were made at essentially the same

time, possible uncertainties associated with long term aging or drift of the NBS

as-maintained volt do not affect this compariscn.) The result was

483,593 723 £0.000 063 MHz/uv where the uncertainty is the root-sum-

NBS69°

square of the net transfer uncertainty and the measurement and local volt uncer-

. i .
tainties estimated above. Our final value of 2e/h is the weighted mean of this value

| " '
with the value previously obtained for the first ten runs, (Ze/h)I, and is

v

2e/h = 483,593 718 £ 0,000 060 MHz/uV (0.12 ppm)

NBS69
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The components of this {inal uncertainty are summarized in Table IIl. It must

be emphasized that the uncertainty assigned this result is a measure of its ac-

g; curacy in terms of the NBS as-maintained volt, V 69" as it existed and was

. NBS69

E . disseminated at a particular epoch,i.e., during the first half of 1970, Any drift
Esa of VNBS69 will introduce an additional source of uncertainty into compariscns

1 of our value with future values determined in terms of V_ _’ On the basis of

NBS69°

an extended series of measurements of the proton gyromagnetic ratio designed

v to monitor the stability of the NBS ampere, and a number of international volt

i\ comparisons via BIPM, it is believed that the drift in VNBS69 does not exceed

E 0.1 ppm/yr. .47, This upper limit is sufficiently large to require consideration
: in future applications of our resuit. *

Lo bR s
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VIII, CHECKS ON THF VALIDITY OF THE JOSEPHSON
FREQUENCY-VOILTAGE RELATION

In the course of these experiments we looked for possible effects of several

" experimental parameters on the frequency-vnltage ratio.

The effect of an externally applied magnetic field of about 1 G on the mea-
sured value of 2e/h was investigated during Run 14, The first half of the FS
data for this.run was taken wi.th the magnetic field in the plane of the junction and
perpendicular to the waveguide axis. The remainder of the data were taken in

the usual way in essentially zero magnetic field. The external magnetic field

1 »

- was produced by a modified pair of Helmholtz coils located within the multiple -

layer magnetic shield used to reduce the effect of the earth's field to less than

1 mG. A magnetic field of 1 G is a relatively large field for a Josephson junc-
tion resonant at X+band; the first minimum in the Fraunhofer patterr; of the zero-
voltage current wduld occur at about 0.3 G. Theofetically, an external maglnetic
field small compared with the film critical field should change the amplitude of
the steps but not their voltage position. Experimentally, the difference in the

two subsete of data for this run was “

8
- = : :E g i
(Zei’h)H (2e/h)H _ 3.2 £4,1 parts in 10,

=1G 0
' ' ' : 1
The effect of fémperature was investigitad during Run 15, The first half of
the data was taken at 1.2 K, our usual op'era't';ﬂg. temperature, and the remainder
of the data were taken at 2.0 K. The differencé in the two values was
hoo Y - I

(Ze/h)T 22.0 K - (Ze/h)T =1.2 K = -7.6 :!:4.1 partﬂ in 108-
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The ster.')-number or dc-bias-voltage dependence of 2e/h was tested in

several different ways. The first three runs were made using a single junction

biased at 10 mV (Vn > 70 /e) with n = 450, In the next five runs, a series con-

nection of th}'ee junctions was used to obtain the 10 mV, with the individual

junction voltages (or -tep numbers) in the ratio (nl:n = (1:1:2), On the

21y

basis of these first 8 runs,

8
=1 (i =4,2 % 6. i .
(Ze/h)an. (?e/h)Vn 4,2 £ 6,8 parts in 10

A more accurate differential experiment was done in which two junctions
were connected in'series opposition to a third (all on the same substrate), ir-

radiated wit}"n microwaves in the usual way, and biased so that n1 + n2 = n3 and

==

n n_. The two junctions in series were each biased near 2.4 mV so that both

1 2

Vny and Vp, were'less than the lead energy gap 2A/e (2.7 mV); the third junc-

tion was biased near 4.8 mV so that 3A/e <V, , <4A/e. The power incident on

3
the junctions was approximately equal to that used in the later runs. The effects
of constart and linlearly drifting thermal emfs (about 25 nV/hr) were eliminated
by appropriately averaging the data, The difference between the junction voltages
was (an + Vn,) - Vn3 = 53 £66 pV . The standard deviation of a single datum

computed from the ra:dom scatter of the data was 0.20 nV, the resolution of the

null detector sysiem. The difference in 2e/h between the two bias points was

'
! 1 I

(2e/h) v >34]/e
n o

- (2e/h)

= 1.1 % 1.4 parts in 108

11

Vv <24/e
.
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Combining this result with the result for the single and series connection of
junctions, we find the Josephson frequency voltage ratio is independent of the

dc bias point between NS 2A/e and Vn >74 /e, or equivalently betweenn = 110 °
and n = 450 (for v = 11 GHz),to within about 7 parts in 108. The voltage indepen-
‘dence at high bias voltages (Vn > 2A/e) is particularly significant because it
demonstrates that the induced step voltages are not sensitive to the amplitude

of the quasi-'-particle background current. In many of the later runs (11 through
23), the individual step numbers varied significantly from run to run. The niost
common ratios were either 1:1:2 or 1:1:3. However, voltages as low as 1 mV

(n = 45) in one junction and as high as 8 mV (n = 360) in another were used.: Thus,

the step-numiber or voltage-bias dependence was indirectly checked at many vol-

tages between about 1 mV and 10 mV (or step numbers from about 45 to 450) to

within the oVerall precision of the measurements.

Taken together with the experiment of Clarke, 21 these results indicate
that the Jos;:phson frequency voltage ratic is independent of all of the important
experimental pardmeters to a precision of a few parts in 108. A p;ssible ex-
ception is our result for the temperature dependence, This will be reinvestigated

in an experiment specifically designed for this purpose,
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IX. CONCLUSIONS

The final result of the present work is compared with all previously
published Josephson effect values of 2e/h in Fig. 30.. The recent more accurate
results are shown on an expanded scale in Fig. 31. Not all of these are inde-
perdent: UP2, UP3, UP4, and UP5 are from successive reports on a single
set of experiments, the final result being UP5. Similarly, NPLIl and NPL2 are
preliminary and final results respectively of a single set of experim;:nts. The

NPL, NSL, and PTB values were expressed in terms of V using conversion

NBS69
factors derived from linear interpolation or extrapolation of the appropriate time-

i 5
dependent national volt differences obtained from the 1967] and 1970 2 BIPM volt

59

comparisons, using central dates provided by BIPM, C The dates of the 2e/h

values were taken to be the dates of receipt by the publisher of the first report
of each experiment, i.e., Refs. 10, 13, 14 and'15. The volt differences obtained

\4 0.54 ppm for NPL1 and NPL2, V

NPL69 ~
-0,19 ppm for NSL1, and

NPL69 ~ 'NBS69
= 0.505 ppm for NPL3, V

in this way were V

\J
V NBS69

A%

VNBS69 ~

-0.54 ppm for PTB I. & The uncertainties shown in Figs., 30

NSL69 ~

PTB69 - 'NBS69 -

and 31 are those reported by the authors, with no additional allowance for the un-
certainty of the volt comparisons through BIPM. (We note in passing that the
comparison of NPL2, UP7 and NSL1 shown in Fig. 1 of Ref, 13 is somewhat mis-
leading because the three values were not' converted to a common voltage scale.)
We see in Figs. 30 and 31 that the rather tiresome unanimity of the early
results has yielded to some diversity of position. Using the uncertainties quoted
by the authors, we find NPL3-UP8=-0,95.% 0, 8:2 ppm, NSL1-UP8 = 0,44 £ 0. 24 ppm

and PTB1-UP8 = 0.50 = 0. 43 ppm. If we take the 0.1 ppm uncertainty suggested

by BIPM for each BIPM-national-volt °

.
.
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transfcr59 to imply a 0. 14 ppm uncertainty in the relation between any two
national volts (the root sum square of two 0.1 ppm uncertainties), these become

' 61
NPL3-UP8 = -0.95% 0,83 ppm, NSL1-UP8 = 0,44 £0.28 ppm, and PTB1-UP8 =

necessarily cause
0.50 % 0.45 ppm. These differences are not /for alarm but they are not insignificant

either. We believe that they are partly and perhaps almost entirely due to dis-
crepancies in the relations between the nationél volts. It has become apparent
in recent years that differences between two national volts obtained indirectly via
the BIPM comparisons and by direct transfer between the two national laboratories
can be discrepant by an appreciable part of a ppm. e Discrepancies of this size
could quite easily account for the 2e/h differences noted above. They also em-
phasize the need for an intérnational volt maintenance system which does not rely
on the physical transport of electrochemical standard cells.

It has been clear for some time that a voltaée standard with extremely
desirable propeities could in principle be 'based on the ac Josephson effect. We
have demonstrated 'in the present work that this can be done in practice with
ample precision. The uncertainty we have assigned our voltage measurement
system, about 0. 63 ppm, represents the precision with which a drift-free and
readily reproducible volt can be maintained with this system. If and when an in-
ternatiorally 'agree& upon value can be assigned'Ze/h, this 0. 03 ppm uncertainty
then represents the presently achievable accuracy with which a common inter-
national volt or perhaps even the absolute volt can be made available, Indeed,
f.urth.er ‘advarnces in voltage comparison technology (perhaps by a factor ten or
more in precision) 'can be expected long before any such international agreement.

‘We must emphasize, however, that further improvements in voltage comparison
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methods cannot be expected to yield greatly improved accuracy in the deter-
mination of e/h, We hgve already reached a point in the present work where the
accuracy with which the voltage across a Josepﬁsox; device can be compared with
an electrochemical.voltage. standard considerably exceeus the accuracy with which
that standard can be maintained and transferred, especially over long periods of
time. Further improvement in our knowledge of e/h from the ac Josephson
effect will depend primarily on improvements in our knowledge of the various
national as-maintained volts and the relations between them.

Probably the most interesting and important fundamental consta.nt which is
affected by an increase in the accuracy of e/h is the fine structure constant. In
their 1969 review of the fundamental constants, :Taylor, Parker and Langenberg
obtained an adjusted value of o gsing only data from experiments which could

be analyzed without essential use of quantum electrodynamic theory.7 This

-1

anED(WQED = "without quantum electrodynamic theory' ) depended heavily on

the Josephson effect e/h determination of ‘Parker et al.6 and was a;vlde =

137.03608 * 0.00026 (1.9 ppm). In order to see the effect on & of our present

WQED ueing the same

more accurate value of e/h, Tay10r47has rkcomputed «
procedure and data except for two changes: (1) Our present value of 2e/h was

substituted for that of Parker et al. (2) The experimental uncertainties of

2 : .
c (0.33 ppm) and ¢ QABS/QNBS (0. 20 ppm) were taken into account. In the

earlier adjustmentithey were negligible compared with the uncertainties of other
pertinent quantities, but in the new adjustment they are larger than the uncertainty
-1
in e/h and must be taken into account. The resultis « = A
ni coun sult is 0 137.03611

% 0,00021 (1.5 ppm)?2 Two features of the new result are obvious: First, it agrees

+
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very well with the earlicr value, a result of the fact that our new c¢/h agrees

very well with that of Parker et al. Second, an increase in the accuracy of e/h

by a factor of nearly twenty has resulted in a much smaller decrease in the

uncertainty of o WQED'

This is a consequence of the fact that the Parker et al.

value of e/h coniributed less than half of the total uncertainty in the Taylor et al.

value of Q;NIQED’ so that the alinost complgte elimination of this contribution
-1
has a relatively small effect on the net uncertainty of aWQED' The uncertainty

-1

in % WQED is now completely dominated by the uncertainty in Y'p (see Eq. 1).

Because of this, the twenty-fold increase in accﬁracy of our present result does
have the important consequence that any fgrseeable increase in the accuracy of
the determination of Y;) will be directly reflected in a corresponding decrease

of the uncertainty|of the fine structure constant. For purposes of comparison,

. we note the f.inal recommended value of Taylor et al., Oz-l = 137.03602 £ 0.00021
(1.5 ppm). .Because there were apparent dis'crepancies among the results of the
various QED experiments (e.g., determinations of electron and muon g-factors
and fine and hyperfine splitti~gs in hydrogenic atoms) which give information

on o, this recommended value of @ rested entirely on « together with

WQED
a value of o derived from hydrogen hyperfine structure determinations. Recent
theoretical and experimental work has largely removed these discrepancies.

In summary, then, we have determiined k/h using the ac Josephson effect
with an accufacy approximately twenty times greater than that of the early mea-
surements of Parker et al. 6ur result is in excellent agreement with the earlier

regult but differssomewhat from more recent accurate determinations by other

workers. The intrinsic precision of our- measurement is nearly two orders of
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magnitude greater than that of the Parker et al. dctermination and establishes

the basis for a practical Josephson voltage standard with significant advantages

over existing electrochemical standard cell standards. The large improvement

in accuracy of the present result yiclds a slightly more accurate indirect value

of the fine structurc constant, and clears the way for a significant improvement

in our knowledge of the fine structure constant through more accurate determi-

nation of the proton gyromagnetic ratio.
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cently become a.va.ilable. Although the value of a-l quoted here and the
Taylor et al. Yecommended value do nof differ significantly, the recommended
value should bé used in computations 'pendiﬁg a new adjustment of the c;onstants
which takes into account all of the _new data. |

63. See, for example, S.J.Brodsky and S: D. Drell, .Ann.’ Review of Nuc. Sci.

20, 147 (1970): 85
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Table I - Sources of uncertainty in ¢/h associated with the Series-Parallel

Comparator,.
“ ¢ ]
(a) Random uncertaiﬁty of the mean
(b) Main resistor mismatch
(c) Fan resistor mismatch )
‘ (d) Transfer resistances of tetraLedral
junctions
{e) Main resistor heating effects
(f) Comparator temperature stability
(g) Working current stability
(h) Calibrating signal accuracy
(i) Leakage resistances "
(j)) Dielectric polarization
(k) Effects of thermal emfk '
RéS Total
hE. {
( 3
' t
( O
| .
1 86

3

Uncertainty (10)
Parts in 108 .

0.4 4

0.4

0.3

0.2

0.5

-

3.1




Comparator,.

. (b)

T Kazasztah o i
s it

Random uncertainty of the me;an
(measurement and calibration)
§witch and power supply vaxji?tions
during calibration
Trirrllmer lead resistance . .
Comparator temperature stability
Working current stability
Calibrating signai accuracy
ILeakage resistances B | 2
Dielectric polariz;atiu;x '

Effects of thermal emfs i

RSS Total

Table II - Sources of uncertainty in e/h associated with the Cascaded-Interchange

Uncertainty (lo)

Parts

in

108

0.7

0.3

0.5
0.4
0.2

0.5

3.2




Table {II - Sources of final uncertainty (lg)

Uncertainty
Parts in 10

1. Measurement uncertainty

(a) Frequency measurement
and stability

(b} Voléage comparison

(c) Effects of possible
nonvertical steps

RSS Subtotal

2, Short term local volt stability

3. Tx"ansferr to NBS Volt

RSS Total




Fig. 1

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig, 17

Fig. 8

3 i

FIGURE CAPTIONS

¢ . i

I-V cl,'naracteris'tics of a Pb-Pb oxide-Pb tunnel junction. (a)
‘Vertical scale 2.5 mA/cm, horizontal scale 1 mV/cm;

(b) Same characteristic with vertical scale 10 mA/cm, hori-
zontal scale 5 mV/cm; (c) 11 GHz microwave power applied,

same scales as (b); (d) Expanded portion of (c), vertical scale

50 pA/cm, horizonta] scale 25 yVi/cm. The arrow indicates

an induced step at about 10,2 mV .corrésponding to n = 450,
This voltage is also indicated by arrows in (b) and (c). The

magnetic field was < 1 mG. /!

‘Josephson device geometry. The cross-hatched region indicates

the first evaporated film with an oxide insulating barrier. Eight

'Josel:ihson junctions are formed by the overlap of the second film

on the first film and oxide barrier at the top of the figure.
Waveguide holder with Josephson device in place. Some of the
bias leads have been omity ed for clarity,

Block diagram of microwaveé generation and frequency measure-

‘mentisystem.

I-V characteristic display circuitry, dc bias circuitry, and wiring -

of Josephson device.
Individual junction dc bias uhit. '

dc amplifier for junction voltage display.

Block diagram of the standard cell comparison system.

RN g PR




Standard cell comparison residuals.

Comparison data for two standard cells used as working standards

during e/h runs,

Standard cell comparison dafa for the group mean difference A - B,

The solid points are from comparisons made on days of e/h runs.

NBS calibration data for Groups A'and D. The measurements were
made with respect to the U,S, Secondary Reference Group using
the procedures of the NBS Volt Tr..ansfer Program., The error
bars indicate randpm error only, The dashed lines indicate the

final NBS-assigned means.

1y

Standard cell comparison data for the group mean difference

A-D obtained at the University of Pennsylvania.

Basic circuit of 1 V:10 mV voltage comparison system. The voltage
comparatcr instrument includes all elements inside the dashed line,

ND stands for '"null detector. "

Simplified circuit diagram of the series-parallel voltage comparator.

*

Simpl'ified circuit diagram of the cascaded-interchange voitage

comparator in the measurement mode.

Simplified circuit diagram of the cascaded-interchange voltage com-

parator in .he calibration mode,
{

Block diagram of the dc measurement system,




VST

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

19

Section of typical recorded data showing Josephson device and

.standard cell balance analysis. The Josephson device balance

is shown in the lower portion of the figure. The "+GJ" and
"-GJ' indicate the relative polarity of the null detector (galvanometer
switch). The cali brating signal labelled "+MS' was introduced

1 :

midway through the balance.: The standard cell balance is shown

in the upper part of the figure. The "+GS'" and "-GS'" indicate
the relative polarity of the null detector and '""+MS'" again indicates
the calibrating signal.

Typical equivalent standard cell Josephson frequency FS data for

three'later runs. { C

Equivalent standard cell Jos¢phson frequency FS for the group

mean! A, versus time.

H

Equi\ialent standard cell Josephson frequencies FS for standard

cells Al and A2, versus time,

Equivalent standard cell Joséphson frequencies FS for standard

cells 'A3 and A4, versus time.

Equivalent standard cell Josephson frequencies FS for standard

cells A5 and A6, \.rersus time,

Equivalent standard cell Josephson frequency FS for the group mean
B, versus time,

Equivalent standard cell Josf:phson frequencies FS for standard
cells Bl, B2, and B3, versus time. The ordinate scale indicated

is that for BZ; the Bl points have been displaced upward by

0.00035 THz, and the B3 points have been displaced upward by

0.00050 THz.

O T R A T

BA



Fig. 27

Fig. 28

Fig. 29

Fig. 30

Fig. 31

e e T

TR,

SRR LAl

PRI

Sl G R e e et e

Equivalent standard cell Josephson frequencies FS for standard
cells C4, C5, and C6, versus time.

Deviations of the data of Fig., 27 from the least-squares fitted
lines,

Comparison of equivalent standard cell Jcsephson frequency FS
using both the series-parallel comparator (SPC) and the cascaded-
interchange comparator (CIC). The time scales indicate elapsed
time during each run.

Comparison of present result with'published Josephson effect values
of 2e/h. All values have been expressed in terms of VNBS()‘) \;sing
the results of the 1967 and 1970 international volt comparisons(see
text for details). The sources are: UPl, D. N. Langenberg,

W. H. Parker, and B. N. Taylor, Phys. Rev, 150, 186 (1966);

UP2, Ref. 4; UP3, Ref. 8; UR{, Ref. 5; UP5, Ref. 6; NPLl, Ref. 10;
NPL2, Ref. 11; UP6, Ref. 9; UP7, Rvef. 12; NPL3, Ref. 14;

NSL1, Rei., 13; PTB1, Ref, 15; UP8, present work.

Comparison of the recent more accurate values of 2e/h of Fig. 30 on

an expanded scale. '
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