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Abstract- We have measured the thermoelectric transfer dif-

ference of two thermal voltage converters using a Josephson
source and compared the results to similar measurements made
with a conventional semiconductor source. Both sources use the
fast reversed dc method. The Josephson source is an array of
16384 superconductor-normal-superconductor Josephson junc-
tions that is rapidly switched between voltage states of +0.5,
0, and -0.5 V. A marginally significant difference is detected
between measurements with the two different sources.

Index Terms- Digital-to-analog converter, Josephson array,
metrology, standard, voltage.

I. INTRODUCTION

W E HAVE measured the thermoelectric transfer differ-

ence of both a single junction and a multijunction ther-

mal voltage converter (TVC) using a programmable Josephson
voltage source [1], [2] and compared the results to similar
measurements using a conventional semiconductor source.
Both sources utilize the fast reversed dc (FRDC) method

[3]. The objective of these experiments was to confirm that

two fundamentally different FRDC sources would produce
comparable results when using the same thermal voltage
converters.

The FRDC measurement technique compares the response
of the TVC to the three different waveforms shown in Fig. 1.

Each waveform is derived by switching between stable dc
levels. For the waveform labeled "FRDC Mode," the voltage

is alternately reversed in polarity. The dc waveforms have

a constant output level except for brief transitions to zero

that duplicate the transient portions of the FRDC waveform.
The Josephson source eliminates uncertainties related to the

fluctuations in the output voltage level and offsets induced by
the switches.

Fig. 2 is a block diagram of the measurement system that
uses the Josephson array. To synthesize the FRDC waveform,

the computer loads the waveform memory with the required
state (- 1,0, + 1) of the array for up to 65 536 time steps of the

specified waveform. When the waveform clock is started, the
memory steps through the time sequence, and its outputs drive
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Fig. I. FRDC waveforms.
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Fig. 2. Block diagram of the Josephson array system.

the analog switches that select the bias appropriate to the -1,

0, or + 1 constant voltage steps for each array segment. The

outputs of the analog switches control fast, constant-current

drivers for the array bias lines. A latch on the digital inputs

to the analog switches ensures that all switches change state

within a few nanoseconds. The settling time of the bias current
drivers is 400 ns.

A~ this bandwidth (approximately I MHz), the bias source

generates transients that have a significant probability of

trapping magnetic flux in the Josephson array. To avoid this

problem, we used only those array segments with the largest

resistance to flux trapping. As a result we were able to use

only half of the 32768 Josephson junctions (11), resulting in

a maximum output voltage of 0.5 V.
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Fig. 3. FRDC measurement results. The upper pair of least-sum-squares

(LSS) fit lines correspond tu the MJTC. The lower pair of LSS fit lines are

for the SJTC. Data from the Josephson source is shown with open squares,
and data from the semiconductor source is shown with solid circles. The

uncertainty shown is Type A, k = 2.

TABLE 1
CmlPARISON OF FRDC-DC DIFFERENCES

II. MEASUREMENTS

FRDC-DC difference measurements were made by record-

ing the TVC output for a sequence of inputs: FRDC, DC+,

DC- , FRDC, and computing the difference between the means

of the two FRDC and two dc measurements. Fig. 3 shows

the FRDC-DC difference as a function of frequency for a

single junction thermal converter (SJTC), and a multijunction

thermal converter (MJTC). Each was measured at 0.5 V with

both the Josephson and semiconductor sources. Each point

represents the average of many difference measurements. The
total measurement time for each thermal converter was about

eight hours.

The Josephson source has the advantage that its output is

intrinsically stable, and the positive and negative voltages are

perfectly matched. However, a mismatch in the Josephson

array switching transients when the waveforms in Fig. 1 are

generated gives rise to a frequency dependent component

in the curves of Fig. 3. This component of the FRDC-DC

difference can be uniquely identified because it has a linear

frequency dependence [3J, which results in a slope of the least-

sum-squares (LSS) fit line. Thus, the thermoelectric transfer

difference is given by the extrapolation of the curves to zero

frequency. In the case of the semiconductor FRDC source, the

switching transients have been very carefully matched so that

there is essentially no frequency dependence. Table I lists the

measured FRDC-DC differences based on the extrapolation of

the curves of Fig. 3 to zero frequency. The Type A standard

uncertainties use a coverage factor k = 2 and are based on the

standard formula for the extrapolation of a LSS fit line-[4].
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TABLE II

AC-DC DIFFERENCES IN THE AUDIO FREQUENCY RANGE

The Type A standard uncertainties of the FRDC-DC mea-

surements for the Josephson and semiconductor source are

comparable. There is, however, a marginally significant dif-
ference between the measured FRDC-DC differences of the

two sources. This suggests the existence of Type B standard

uncertainties in either or both of the sources, not an unexpected
result.

III. DISCUSSION

In the measurements presented so far, the property of
the thermal converters that we measured with the FRDC

sources was the thermoelectric transfer difference, i.e., the

FRDC-DC transfer difference due to thermoelectric effects.
Next, we measured the conventional ac-dc differences of the
same thermal converters in terms of the NIST reference and

primary standards using sinusoidal waveforms. These data

are presented in Table II, and wer~ measured with an input
amplitude of 0.5 V (the same amplitude used in the FRDC
measurements.) The uncertainties shown are the combined

standard uncertainties (k = 1), which include both Type A

and Type B components.

Since the thermoelectric transfer difference is a dc quan-

tity, that component of the ac-dc difference should be the

same for rectangular waveforms (FRDC-DC method) and
sinusoidal waveforms (ac-dc method), and we can compare

the results obtained with the two techniques. In the audio

frequency range, a well constructed MJTC would be expected
to exhibit small' thermoelectric transfer differences and small

ac-dc differences, just as the two sets of MJTC data show.

A single junction thermoelement might be expected to have

thermoelectric transfer differences of a few parts in 106, and
yet have comparably small ac-dc differences. The SJTC results

are consistent with these expectations as well.

IV. CONCLUSION

When the data shown for these thermal converters is con-

sidered all together, it suggests that in the audio frequency

range the ac-dc differences are primarily due to thermo-

electric effects, as anticipated. Furthermore, there appear to

be no statistically significant differences between the overall
FRDC-DC results and the ac-dc difference measurements.

The level of agreement between the Josephson and semi-

conductor FRDC sources provides evidence that the Type B

standard uncertainty in both of these methods is less than 1 part

in 106. Furthermore, both of the FRDC sources agree well with

the ac-dc differences measured using the NIST reference and

primary standards. Considering that the combined uncertainties

are on the order of (0.5 to 1) part in 106, the results show no

Multi Junction Single Junction
TVC TVC

Josephson -0.05 :t 0.13 x 10-6 -2.51 :to.12 x 10-6

Source

Semiconductor +0.29 :!: 0.27 x 10-6 -1.94:t 0.06 x 10-6

Source

Multi Junction Single Junction
Frequency TVC TVC

30Hz -0.1 :to.5 x 10-6 -1.7:!: 0.7 x 10-6

100 Hz +0.1 :!:0.5 x 10-6 -1.8:t 0.9 x 10-6

1 000 Hz +0.2 :t 0.5 x 10-6 -1.7:t 0.7 x 10-6

10000 Hz +0.1 :t 0.5 x 10-6 -1.9 :t 1.1 x 10-6
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statistically significant differences between the FRDC thermo-
electric transfer difference measurements and the conventional

ac-Oc difference measurements.

Based on these experiments, we believe that the flux trap-

ping problem that limited the Josephson array output to 0.5

V can be solved with a bias system that uses low impedance

(constant voltage) bias drivers. Repeating the experiment at 1

V will give a factor-of-four increase in the TVC output and

a consequent reduction in the uncertainty of the FRDC-DC
measurement.

It is a well accepted hypothesis that the frequency-

independent part of the ac-dc difference in TVC's (including

measurement with the FRDC method) is the result of thermal

effects and thermoelectric voltages in the dc mode. To verify

this hypothesis and identify other contributions to ac-dc

difference, it is necessary to realize a sinusoidal waveform

that is directly derived from the Josephson effect. Efforts

are under way to create such an ac standard using a pulse

driven Josephson array [5] and a rapid-single-flux-quantum

digital-to-analog converter.
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