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Abstract

The use of cryogenic current comparators at NPL has been limited so far to measurements with direct currents.
A new current comparator, designed to work at frequencies of up to 100 Hz, has been built and will form the
basis of a bridge for AC resistance and quantum Hall measurements. The relative uncertainty of measurements
carried out with the new system will be approximately 10%,

I. Introduction

While DC measurements of resistors of values below 10 kQ at NPL in recent years have been carried out using
automated cryogenic current comparator (CCC) bridges [1], AC resistance measurements and investigation of the
AC quantum Hall effect have been made with coaxial AC resistance bridges based on room temperature
inductive voltage dividers. A new system is under development which will extend the range of CCC
measurements to alternating currents and which will be suitable for resistance and quantum Hall measurements
from DC to 100 Hz. The evaluation of AC/DC properties of resistors at the 10" level is important for accurate
resistance thermometry. The underlying principle for CCC operation is the same at low frequencies as at DC, but
it is necessary to compensate for capacitive errors of windings and leads. The new CCC uses a technique
incorporating coaxial windings and voltage compensation cores to achieve this compensation. The capacitive
errors increase with frequency, so a limit of 100 Hz has been chosen for practical reasons initially, although this
may be extended later. '

II. Cryogenic Current Comparator for AC Measurements

A. Cryogenic Current Comparators at AC - Capacitive Error

The use of cryogenic current comparators [2] as DC ratio transformers with fractional ratio errors as small as
107" is well established. At DC, the ratio error of the CCC can be determined by passing equal and opposite
currents through equal numbers of turns and measuring the current induced in the detection winding. The
detection principle, based on the superconducting properties of the shield, and the associated magnetic error
remain the same at AC, as long as the superconductivity is not destroyed and the surface resistance rermains
negligible. However with AC, shunt and screen capacitances in the windings and the connection leads result in
an additional capacitive error.
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Figure 1: Contributions to capacitive error of
winding.
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B. Voltage Compensation and Trimming of Capacitance

A detailed analysis [3] shows that the error caused by these capacitances can in principle be trimmed to zero for
each winding using the following two steps: a high permeability core is placed under the CCC so that the winding
passes through the core as well as the CCC with each turn. The voltage across the winding is measured and
trimmed to zero by energising the core with an auxiliary winding. In this way the error component caused by the
voltage drop along the winding is eliminated. The remaining error can now be trimmed to zero by adding shunt
or screen capacitance such that their error contributions cancel each other. The calculation [3] shows that this is
possible under the assumption of equal distribution of resistance and inductance along winding and leads.

C. CCC with Coaxial Winding

The described procedure can only be used if trimming is possible for each independent winding separately. It is
not obvious how this can be achieved with a conventional winding. The answer is to use coaxial cable for
windings and leads, with the marked terminal outside the crvostat. Inner and outer of the coaxial cable are joined
at the marked terminal. As the capacitance of the inner through the outer to the outside can be assumed to be
negligible, the inner is free of shunt and screen capacitance. Also. the capacitance between inner and outer does
not contribute any error because the outer threads the CCC in the same way as the inner and currents through this
capacitance join the main current at the marked terminal where the inner i1s connected to the outer. Hence, with
respect to the inner, the comparator is free of any capacitive error. Unfortunately, this does not hold true for the
comparator overall because now the outer of leads and windings have a capacitive error. The relevant
capacitances are shown in figure 2. However, it 1s now possible to calibrate the outer against the inner (which is
free of capacitive error) in a 1:1 excitation: the voltage drop across the outer of the winding can be trimmed to
zero (the resulting voltage on the inner is irrelevant as it does not contribute any capacitive error). Then, by
passing a current through the inner to the marked terminal and back through the outer, and by varying a capacitor
between the ends of the outer or the outer and the screen, the capacitve error of the outer can be trimmed to zero.
This procedure is carried out for both windings to be used in the measurement and the comparator is

subsequently free of capacitive error.
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Figure 2: CCC with coaxial winding. The Figure 3: Windings and compensation
twisted leads are used to sense the voltage cores.
across the outer of the winding.

D. CCC Design

In order to be able to use the described compensation technique it was necessary to choose a CCC design with
sufficient space for a coaxial windings with large numbers of turns. For this purpose, a type II CCC (detector
winding in the inside, ratio windings on the outside) with 100 mm ID, 120 mm OD and 170 mm height was built.
When connected to an RF SQUID, the measured sensitivity per turn of the CCC is 16 pA/¢o. Coaxial cable (OD
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1.8 mm) was wound on the CCC, split up into the following numbers of turns: 484, 242, 150, 92 and 15. The
winding ratios listed in table 1 can be obtained from this set of windings. The magnetic cores used for the
voltage compensation were made using 5x0.025 mm VITROVAC 6025 150 X tape. The permeability of the
material was measured as u=40000 at room temperature, p=24000 at 77 K and u=1000 at 4 K at a frequency of
120 Hz. The tape was wound onto plastic formers (ID 100 mm, OD 120 mm) and energising coils with 5x50
turns were wound onto these cores. Three of the cores were placed in-between the windings of the CCC as
shown in figure 3. This arrangement allows voltage compensation for each independent winding in the winding
ratios listed in table 1.

Resistance Ratio  Winding Ratio Windings
QHR(2):QHR(4)  484:242 484, 150+92
QHR(4):QHR(4)  484:484 484, 242+150+92
QHR(4):100 © 968:15 (-20.5 ppm)  484+242+150+92, 15
1000 €:100 150:15 150,15

Table 1: Winding ratios.

I11. Measurement of AC Error

The CCC described above was first tested using two windings of only 10 turns. In this simplified test
compensation of voltage across the outer of the coaxial winding was not carried out. The circuit for adjusting the
trim capacitance is shown in figure 4. An AC source energises the circuit. Current flows through the inner to the
marked terminal and back through the outer. The marked terminal is held at screen potential using a Wagner
circuit. The signal from the null detector (the SQUID, not shown in figure 4) is measured using a phase sensitive
detector. A capacitor between the ends of the outer is adjusted (adding shunt capacitance) for minimum SQUID
signal. The remaining error signal was in the range of 10”. This procedure was carried out for both 10 turn

windings separately.
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Figure 4: Trimming of shunt capacitance. Figure 5: Measurement of AC error.

In order to test the accuracy of the trimming procedure the two windings were then connected in series-
opposition, with trimming capacitors in place and both marked terminals connected together and held at screen
. potential (figure 5). In this configuration the amplitude and phase of the error signal was measured as a function
of frequency between 10 and 125 Hz. The results, listed in table 2, suggest that there is an in-phase contribution
of the error, which is essentially independent of frequency, and a quadrature component which increases with
frequency. The uncompensated voltage drop across the outer of each winding was about 2 mV at a current of
1 A

Frequency (Hz) 10 20 40 80 125
Error (ppb) 35 43 6.1 11 19
Phase 18° 34° 49° 63° 66°

Table2: Error as a function of frequency.

IV. CCC Bridge
The CCC bridge circuit is shown in the schematic diagram of figure 6. The circuit is energised by the current

sources Sy and Sg. Each of these is driven by a numerically controlled oscillator (NCO). The NCOs, controlled
by a common clock which is transmitted via an optical fibre, are frequency and phase locked. From each NCO,
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both sine and cosine output with 8 bit amplitude and 32 bit phase resolution is available. The amplitudes of
master and slave current sources are adjusted to match approximately the inverse winding ratio. The currents
from the two current sources pass through the respective resistors and windings. The SQUID detects the error in
the current ratio and the detected signal is fed into a phase-sensitive detector in order to obtain in-phase and
quadrature amplitude. The PSD output signals are separately multiplied with the sine and cosine from the slave
NCO, generating in-phase and quadrature error signals. These are fed back into the slave current source to
correct any error in the current ratio. The two sides of the bridge are connected by link | which joins potential
leads from resistors Ry and Rs. The two remaining potential leads are connected to the null detector which
measures the difference between the voltages across the two resistors. This signal is proportional to the
difference of their deviations from nominal.

Figure 6 does not show the
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Figure 6: CCC bridge circuit.
V. Conclusion

A cryogenic current comparator bridge has been developed for investigation of QHR from DC to 100 Hz and
measurement of AC resistors in the ranges 1  to 10 k. The CCC used in this bridge features coaxial windings
and compensation cores which are used to trim the capacitive error of each winding to zero. Operation of a
prototype with 10 turns has been demonstrated and the ratio error of the CCC is of the order 10* or better. A
comparator with windings suitable for QHR measurements has been built and will be used for AC and DC

measurements.
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