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Abstract: The cryogenic current comparator (CCC), first demonstrated nearly 40 years ago, has become a key component of
electrical metrology. It utilises a superconducting screen to achieve very high ratio accuracy and hence has found many
applications where the electrical units need to be scaled over decade values. It has been deployed over a wide range of
currents from 100 A to 1 pA and has been used to verify the accuracy of electrical quantum effects such as the quantised Hall
effect. This study is a review of the theory, design principles and most common applications of the CCC. In addition to the
summary of its use in top-level electrical metrology, some recent developments such as the use of high temperature

superconducting materials and applications outside the realisation of electrical units are described.

1 Introduction

The cryogenic current comparator (CCC) is a device for
comparing two electrical currents. In a CCC, a
superconducting screen surrounds the current-carrying
conductors and separates them from a magnetic flux null
detector, normally a superconducting quantum interference
device (SQUID) [1]. When carefully constructed, the
superconducting ~ screen  attenuates  magnetic  field
components arising from the position of the conductors
within the screen to a very high level. In this situation, the
resultant flux is proportional to the difference between the
products of current and turns number, enabling the current
ratio to be determined and adjusted with a relative accuracy
of better than 1 part in 10'" in a well-constructed device.
By appropriate choice of winding ratios, current ratios from
1:1 to more than 10 000:1 can be established. The CCC
thus provides a very accurate way of scaling the electrical
units of current, voltage and resistance and has become an
essential component of precision electrical metrology.

The status of electrical metrology and its associated
measurement techniques has been covered in a number of
review articles [2, 3] and the use of SQUIDs and the CCC
as measurement tools has been summarised in a book
chapter [4]. The aim of this review is to describe the role of
the CCC in the development of electrical metrology in
more detail and to summarise the different design
approaches and their application to different problems. The
review is organised as follows: Section 2 outlines the basic
principle of the CCC and its first realisation, Section 3
describes the design approaches for CCCs and the method
of testing their accuracy, Section 4 presents the application
of the CCC to a wide range of electrical metrology, Section
5 reviews the introduction of high temperature
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superconductor (HTS) materials into CCCs and some
applications outside mainstream electrical metrology.

2 Basic principle of a CCC

The basic principle of a CCC can be understood by
considering a simple tube of superconducting material
surrounding two current-carrying wires as illustrated in
Fig. 1. Magnetic flux is excluded from the superconductor
by the Meissner effect, so a current in any one of
the conductors induces an identical counter current on
the inside surface of the screen which then returns via the
outside surface. The current distribution varies around the
circumference of the tube but Ampere’s law dictates that
the sum of all the screening current filaments plus /; and 7,
must be zero, thus I; — I, = I5. On the inside surface, the
current distribution is influenced by the position of the
conductors but on the outside surface, away from the ends
of the tube, the current distribution becomes progressively
more uniform and the influence of the position of the
conductors diminishes. This is the essential feature of the
CCC and the position independence allows currents to be
compared with high accuracy. Specifically, if the magnetic
field generated by /s is sensed with a magnetic flux detector
or superconducting pick-up coil positioned away from the
tube ends as illustrated in Fig. 1, then zero detected flux
indicates that /; = I,. A 1:N current ratio can be achieved
by having N conductors in the tube carrying current /, with
a single conductor carrying /; so that I; — NI, = Is.

In the original design, the non-ideal behaviour at the ends
of the shield was accommodated by taking the tube ends to a
far distance and employing a second overall screening tube to
reduce stray fields in the detection region to a negligible level
[5]. The sensitivity of the comparator was enhanced by
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Fig. 1 General principle of a CCC

bending the tubular shield, with the wires inside, into the
shape of a coil. The accuracy achieved for the comparison
of equal currents with this approach was in the range 1.0 to
2.5 x 107% The main limitations of this design approach
are that integer current ratios higher than about 10:1
become difficult to achieve since progressively more
conductors are required inside the tube, and schemes with
larger numbers of turns of the tube around the detection
coil to achieve a higher sensitivity for small currents are
difficult to construct. For this reason, two different
approaches to the resolution of the non-ideal behaviour at
the ends of the superconducting tube were adopted, as
illustrated in Fig. 2.

The first approach [6] forms a single turn loop of the
tubular shield and overlaps one tube end into the other. The
ends of the conductors forming the ratio winding are taken
out through a side tube attached to the main shield. To
achieve the necessary attenuation of the field at the tube
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Fig. 2 Schematic diagrams of the Type I (left) and Type II (right)
CCC geometries

In the Type I design, the ratio windings form a circular coil, represented by
the grey central region of square cross-section, and the wires are
perpendicular to the page at the plane of the cut. The pick-up coil is also
circular and is mounted outside the shield in the centre of the torus. In the
Type II design, the pick-up winding is a torroidal coil wound around a
former, represented by the grey half-ring at the centre and the ratio
windings are wound on the outside of the shield, also with toroidal geometry
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ends, the tube is overlapped more than once and so a series
of coaxial exit tubes is constructed, one for each overlap.
The second approach [7] effectively stretches open the ends
of the tubular shield and bends them back over the
detection area. The ends of the tube are again
accommodated by an overlap system resulting in toroidal
shield geometry. This time an exit tube is needed for the
detector coil, since this is now on the inside of the shield
and the ratio winding on the outside. Once again, a coaxial
exit tube is constructed for each shield overlap. The first
design with the ratio windings inside the screen and the
detection area outside has become known as a Type [ CCC
and the opposite topology with the ratio windings outside
the screen as a Type II CCC. It can be seen that both
topologies permit assembly of ratio windings with high
ratios and large numbers of turns.

3 Design, construction and testing
3.1 Calculation of CCC sensitivity

A key parameter of a CCC is its sensitivity for current
measurement, which can be expressed as an equivalent
input current noise. A SQUID and an appropriately
constructed superconducting pick-up coil is the most
commonly used detection arrangement in a CCC assembly.
The noise performance of a SQUID is commonly expressed
in terms of its energy resolution (&) and this can be related
to an equivalent current noise is

2 2Ae)
(i5) = I 8]

where Lg is the inductance of the SQUID coil (normally set by
the manufacturer) and the brackets denote a time-averaged or
expectation value. The sensitivity of the CCC is governed by
this energy resolution and the matching of the SQUID
inductance to the inductance of the CCC tubular shield.

Both Type I and Type II CCCs can be evaluated using the
same approach and the equivalent electrical circuit for the
CCC with a pick-up coil connected to a SQUID coil is
shown in Fig. 3, where Lp and Lt are the inductances of
the pick-up coil and CCC tubular shield, respectively. The
ratio, «, of the current in the SQUID input coil, ig, to the
total current flowing on the CCC shield, it, and its
optimum value, «,,, which occurs at Lp = Lg, are easily
shown to be [8]

o = Z_S — k(LTLP)(l/Z) _ k (LT>(1/2) (2)

ir Ls+Lpy ~ " 2\Lg

where k is the coupling constant between the shield and the
pick-up coil.

> »

Fig. 3 Equivalent circuit showing a constant current, iz, flowing
on the CCC shield, Ly, with a mutual inductance to the pick-up
coil, Lp
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Assuming that the pick-up coil is matched to the SQUID
input coil, then «;, can be used to deduce an equivalent
current noise, i, for a single turn on the CCC, which
depends only on the inductance of the torus

&(e)
L

(i) = 3)

An energy resolution of 103! Js for a typical commercially
available SQUID and a typical torus inductance of 50 nH
gives a value of i, = 4pA/+/Hz for a single turn.

The performance of a SQUID is also expressed in terms of
flux noise @, as a fraction of the magnetic flux quantum ®,.
To relate this to an equivalent current noise, the coupling
coefficient between the SQUID input coil and the SQUID
loop itself, normally quoted in terms of a parameter M with
units of ®yA ', is also required. Equation (3) then becomes

_ MDY L
KLy~ M?

i) @)

The two parameters Ls and M? are normally related in a
SQUID design so that their ratio needs to be considered as
a figure-of-merit. Typical values of Lg= 1.1 pH, 1/M =
0.13 pAD, ', and @, = 3 udy/+/Hz, again gives a value
of i, = 4 pA/{/Hz. 1t should be noted that this value for i,
is about a factor of 10 worse than the equivalent input
current noise of the SQUID at the input coil, i5. This is due
to the mismatch between the torus inductance and the
SQUID input coil inductance, also a factor of 2 that comes
from the series circuit of the pick-up coil and the SQUID
input coil, often referred to as a ‘flux transformer’.

The basic noise of a SQUID is normally quoted by the
manufacturer for a bandwidth of 1 Hz at a frequency in the
kHz range. All SQUIDs, however, suffer from 1/f noise
which becomes significant at measurement frequencies
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example commercial dc SQUID. The noise is plotted as an
Allan deviation [9] and the onset of 1/f noise is indicated
by the change of the graph slope from 1/,/7 to horizontal.
For the SQUID in this example, this occurs at
approximately 6s. The presence of 1/f noise means that
averaging for longer measurement intervals does not lead to
a lower standard deviation. The only way to achieve a
higher measurement resolution is to modulate the signal; in
the case of a CCC this is achieved by simultaneously
reversing the two measurement currents.

3.2 Type I: design considerations

In a Type I design the pick-up coil normally consists of a few
turns wound as a short solenoid. The inductance of this
geometry can be estimated from the formula [10]

Lp = N*uob[In(8b/p) — 2] (%)

where N is the number of turns, b is the radius of the coil, p is
the radius of the wire and pu is the permeability in free space.
The inductance of the CCC shield can similarly be calculated
from (5) with N = 1 within the assumption that the shape of
the cross-section does not have a dramatic effect on the
inductance [11]. For the CCC in [10] with b = 15.9 mm,
p=10.065mm, N=4 and CCC radius and cross-section
radius of 18.5 mm and 2.5 mm, respectively, Lp = 1.8 nH
to match the SQUID coil inductance Lg of approximately
2 pH and Lt =48 nH. This gives a value of ay, = 0.077
and a sensitivity for a single turn of 2.6 pA @, ! assuming
a SQUID input sensitivity in this case of 0.2 pA @y " and
that k= 1. The strong coupling between the pick-up
coil and the CCC shield modifies its effective inductance
to be [12]

/o / 2
below 10 Hz. Fig. 4 is a plot of the measured noise on an L,=L,(1 —k)+kN"Ly (©)
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Fig. 4 Allan deviation for a typical SQUID
Allan deviation at 1 s corresponds to a white noise of 30 p¢o/~/Hz
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Fig.5 Variation in CCC coupling factor a with number of turns
on the pick-up winding

where k' is the coupling between the pick-up coil and its
image in the CCC shield. In the limit where ¥’ =1, the
effective inductance of the pick-up coil is determined by its
number of turns and the inductance of the CCC shield.
Under these conditions, the optimum value of « is still oy,
given in (2), but now the optimum number of turns is given
simply by

Ny =Ls/Ly and @, = k/@N,,) ™

For the numerical example above, this revised treatment gives
Ny, = 6.5 and a,, = 0.077, whereas four turns would give
a=0.069, a difference of just 10%. In fact alpha varies
slowly with N around the maximum, as illustrated in Fig. 5,
and the sensitivity is within 94% of «,, for values of N
between 3 and 6. The largest value of «, possible is 0.5
and occurs for the limiting case where the pick-up coil has
just one turn and the CCC shield is sufficiently large that
LT = Ls.

A further factor for the Type-I CCC is the influence of the
overall external shield that can reduce the effective
inductance of the CCC shield, Lt. An external shield is
required because the pick-up coil is on the outside of the
CCC and is therefore susceptible to stray fields. A model
which considers the dependence of CCC shield inductance,
Lt, on the dimensions of the overall shield shows that, for a
given overall shield radius, «, first increases with the radius
of the CCC shield as Lt increases but reaches a maximum
before decreasing as the shield starts to reduce the effective
value of Lt [13]. A formulation of this problem using a
method of magnetic reluctance leads to an intuitive
understanding of how the shield modifies Lt and a simple
‘rule of thumb’ that the optimum inductance for a given
external shield radius is obtained when the area described
by the hole at the centre of the torus equals the area
described by the ring between the outside of the torus and
inside of the shield [14]. A very detailed numerical model,
which takes account of all aspects including the pick-up
coil and overall shield, gives values for a which are within
a few per cent of measured values for a range of CCC
designs [15], confirming that the performance of Type I
designs is now well understood.

A SQUID with low input inductance can be connected
directly to the CCC torus [16]. A separate pick-up coil is
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not required and the coupling is perfect, corresponding to
(4) with k= 1. However, the efficiency still relies on the
matching of the SQUID input coil to the torus inductance
and on the interconnecting wires having very low
inductance, « reaching the maximum value of «, =0.5
when the inductances are matched and the inductance of the
connecting wires is negligible. The specifications given in
[16] for this approach are Lt = 59nH, Lg=45nH,
/M = 1.1 pA/®y and a measured sensitivity of 2.3 pA/d,
for a single turn, corresponding to value of a = 0.48, which
is very close to the theoretical maximum. This CCC will be
discussed further in the section on high value resistors and
small currents.

3.3 Type lI: design considerations

The design considerations for a Type II CCC are simpler in
concept. An overall external shield is not required since the
pick-up winding is on the inside of the CCC shield and is
screened from external magnetic fields. The equations for
matching the pick-up coil to the SQUID input coil
inductance are the same as for the Type I design and the
inductances of the shield and coil are calculated using the
formula for a toroidal geometry

2
L= Mln<é> (8)

2ar a

where 4 is the height, a is the inner radius and b is the outer
radius. A compact Type II CCC designed to be used in a
transport helium cryostat with a 50 mm neck diameter [§]
had shield dimensions of &= 14mm, b= 16 mm and
h =45 mm. This gives an inductance of L = 1.2 nH and a
corresponding value «a,, = 0.012 for a SQUID input coil
inductance of 2 wH. To put this into context, a Type-I CCC
occupying a similar volume would have an overall outer
screen radius of 20 mm and applying the equal area
principle described above would have a CCC radius of
13 mm for a cross-section radius of 5 mm (a radius of
5 mm is typical for most Type I designs in comparison with
the figure of 2.5 mm achieved in [10]). Equation (5) with
these values gives Lt = 17 nH and a corresponding value
o, = 0.05 which is approximately four times better than
the Type II design.

Thus for a given volume, the Type I design will be more
sensitive and its sensitivity increases linearly with radius
whereas the Type II sensitivity is virtually independent of
radius, being proportional instead to the height. The
majority of CCC devices constructed have been of the Type
I design but the Type II version has some advantages in
special applications, including comparators for high currents
and also for alternating current as will be described later.

3.4 Estimation of CCC error

In both the Type I and Type II designs, the open ends of the
superconducting screen are closed by one end becoming
coaxial within the other. The entry into the coaxial region
and cross-section showing the cylindrical coordinate
system (r, ¢, z) are shown in Fig. 6. In a practical design,
the width of the overlap region is small in comparison
with the tube radius but has been enlarged in the figure
for clarity.

To estimate the error of CCC, it is necessary to establish (i)
the coupling, 6;, between the magnetic field, B, generated by
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Type Il

Fig. 6 Cut away view of a CCC shield showing entrance to the coaxial region

Location of the detection coil is in the plane of the paper for the Type I geometry and is toroidal for the Type II geometry. The cross-section shows the position of
the current-carrying wires and cylindrical coordinate system. The thickness of the screens and width of the gap have been exaggerated for clarity

the two current-carrying wires in the superconducting tube
and the field in the coaxial region, (ii) the attenuation, 6,,
of the field as it propagates from one end of the coaxial
region to the other and (iii) the geometry factor, A,
describing the eventual magnetic flux threading the pick-up
coil at the end of the coaxial region which has dimensions
of area. The same approach can be used for estimating the
factors 0, and 6, for both types of CCC design.

The CCC error is the product of these three factors and will
be zero if any of the factors is zero. In practice however, none
of them can be made exactly zero since the two current-
carrying wires can never occupy exactly the same space, the
coaxial region cannot be infinitely long and the pick-up coil
cannot be made with perfect symmetry. The following is a
summary of how these three components can be modelled
and estimated in a practical design.

In general, a magnetic field B can described by a scalar
potential such that B= VJV and V satisfies the Laplace
equation in cylindrical polar coordinates

r% +
or

For a centrally positioned wire on the axis of the tube,
carrying a current /, the potential far away from the ends is

10
ror

1#V+#V_
72 9 (bz 922 -

_ !
2T

v ¢

and the corresponding field has only one component

For the case where the two current-carrying wires carry equal
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and opposite current, /, are symmetrically placed on the

¢ = 0 axis at a distance a from the centre of a tube of inner

radius ry, the potential far away from the tube ends

can be expressed in terms of cylindrical harmonics [17]
>

a\ 2n—1
> ()
a ¥ 2n—1
+ (—x—) i|sin(2n— l)d)}
'n To

The field again only has one component

o0 an 2n—1 a , 2n—1
[(—) + (— x —> ] cos (2n — 1)¢}
| o 7o

This satisfies the boundary condition that the magnetic field
normal to the surface of the superconducting tube is
everywhere zero since dV/dr = 0 at » = ry. As the currents
are equal and opposite, the term wuol¢p/27 for the two wires
has cancelled and the symmetry of the position of the wires
means that there are no even components so the series has
the index 2n — 1 and for an infinite tube, the potential and
field are independent of z.

The solution in the coaxial region is more complex than in
the plain tube and is also z-dependent. The boundary
conditions for the region between the two cylinders dictate
that the normal component of the field to the
superconducting surface is zero at both r = r;, the outside
surface of the inner cylinder, and » = r,, the inside surface
of the outer cylinder. This is only satisfied by a potential

2
2n—1

il
2ar

Vir,é)=—
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given by the Bessel function solution

A
1

Vi, d2) =

n=1 p

NEACAY

o0 o0

+ B,Y,(ky[C,,e™* + ¢ sin(ng)

With associated eigenvalue equation (prime denotes
derivative)

Sukyr)Y,(yry) = S, (kyry) Y, (k) = 0

where kj has p values for each n.
The boundary condition also determines B, so the
expression for the potential becomes

o o0

V(r, d,2) =YY DLk kr)

n=1 p=1

— Sy k)Y, (K, e ™7 + e sin (neb)

where D,, = 4,,/ Yr/,.(k;ll.”l). The constants D,, and C,, are
determined by considering the boundary conditions at the
entrance and exit of the coaxial region, respectively.
Writing x = k,r; and Bx = kyr,, the eigenvalue equation
takes the standgrd form

Sy @)Y, (Bx) — J,(Bx)Y,,(x) = 0

for which numerical solutions exist for specific values of 8
[18]. Values for Bx; for B = 1.1 are given in Table 1 for
the first few values of n and p.

The different modes decay exponentially as they
propagate along the coaxial region with exponents of
Bx;’,z/r2 [19]. It can be seen that for the case B = 1.1 the
modes with p > 1 decay very rapidly so can be neglected.
For p=1, the modes decay with an attenuation factor
approximately proportional to n, so for distances greater
than / ~ 2r, the higher order terms will be less than 10%.
Thus, for estimating the error of a CCC, only the n =1,
p =1 term needs to be considered. The dominance of this
term has been demonstrated in a Type II design using a
set of 12 test wires equally spaced around the tube
circumference. The CCC error was found to vary
sinusoidally with the pair of wires energised as expected
[17]. The relevant attenuation coefficient for 6, is therefore
the one corresponding to k' and for the example of
B = 1.1 above will be

0, = e 1.051/r

For estimating 6,, the n =1 case again only need to be
considered. Thus, the magnetic field, at the coaxial gap

Table 1 Values of gxp for = 1.1

p 1 2 3 4
n

1 1.05 34.6 69.1 104
2 2.10 34.6 69.2 104
3 3.14 34.7 69.2 104
4 4.19 34.8 69.2 104
216
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entrance, close to the wall for two symmetrically placed
wires carrying equal and opposite currents is

I (2a
B y(r=ry) = _l;T_o (—) cos ¢

0o \7o
to be compared with the field for a single centrally placed wire

1
Byylr =ry) = —;—;’,0
In calculating the coupling from the tube into the coaxial region,
there is the complication that there are two radii involved, 1 and
r, rather than just . However, a detailed analysis reveals that for
B close to unity, the coupling coefficient is close to unity ((6) of
[20]). Thus

4
0, =—acosd>
o

For a Type I CCC, where the tube is conceptually bent round
into a toroidal shape, a centrally placed wire in the
superconducting tube carrying current, /, causes a uniform
surface current of total value, /, to flow on the surface of the
torus. The total flux threading the torus and hence the pick-up
coil is [20]

@, = wolRy In (Ry/R,)

where Ry is the radius of the torus and R, is the radius of the cross-
section. The field from a centrally placed wire propagates through
the coaxial region without attenuation so writing

I
D, = fo x A,
27

we have 4; = 27roRt In(R1/R,).
For the two symmetrically placed wires

ol
‘Dz = ﬁ(el 6,4,)

and as calculated in [20] A5 = 2r¢(r, — 77).

Thus, finally the maximum ratio error of a Type I CCC
(corresponding to ¢ = 0) is expressed as ratio of the flux in
the pick-up coil for two wires carrying equal and opposite
current, so a single centrally placed wire carrying the same
current is

o, _ 0104, _ @(e_I‘OSI/VO)M
@, 4, 7o 7Ry In(Rr/R,)

The term A,/A; gives a useful factor of 1/1000 in a practical
design but the remainder of the accuracy has to come from
the exponential decay in the coaxial region. For an overall
accuracy of 1 part in 10'°, the attenuation in the coaxial
region needs to be at least 10~ corresponding to /ry > 16.
In a typical Type I design, the radius of the torus is about
twice the radius of the shield cross-section, so for a ratio of
16, the coaxial overlap region needs to be at least 1.5x the
torus circumference.

For a Type I CCC, the coupling to the pick-up coil is
different and depends on the uniformity of the coil [17].
Another consideration is that the attenuation in the coaxial
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region is much stronger for the sections parallel to the CCC
axis than for the tangential sections [21]. It is thus
advantageous to make a Type II CCC tall and narrow — for
example, if its height is three times its radius then three
shield overlaps will achieve //rq = 18.

3.5 Measurement of CCC error

Although the accuracy of a CCC can be predicted from
theory, it is still advisable to check the accuracy of a
constructed device as an error can occur due to imperfect
joints between the sheets of material that form the
superconducting screen. The first step in such verification is
to pass a test current through two windings of small and
equal numbers of turns connected in series-opposition and
observe the signal from the SQUID. Any measured output
can then be expressed as a relative CCC error by dividing
the output by that generated by a smaller test current in a
single winding. A test conducted with windings of a small
number of turns is the most stringent because the
geometrical factor a/ry is not randomised and any
breakthrough of flux between the connecting cables to the
CCC and the SQUID is at its maximum effect. If a CCC
has a sufficiently small error for a small number of turns,
then it is likely that turns of larger number will have an
even lower error. However, if desired, this can be verified
by a binary build-up procedure where two windings of
equal numbers of turns are connected in series and
compared with a winding of twice the number of turns and
S0 on.

4 Applications
4.1 Resistive dividers for voltage scaling

The first use of a CCC was to measure the ratio of cryogenic
resistors configured as a voltage divider for scaling the
voltage from a single Josephson junction at the mV level to
a standard cell with an emf at the 1V level [22]. The
interconnections between the resistors were superconducting
so as to provide a two-terminal measurement of the
resistance ratio [23]. As illustrated in Fig. 7, this two-
terminal measurement method only needs one detector as
the current ratio is exactly equal to the resistor ratio.

The CCC is used to calibrate the ratio of the cryogenic
resistors in situ. The circuit in Fig. 7 is shown configured
for the resistance ratio measurement with the SQUID
indicating the deviation of the resistor ratio Ry/Ry from the
1:10 ratio of the CCC. To scale the 1 mV from the
Josephson junction to 1 V, a final resistance ratio of 1000:1
is required, so three ratios of Ry/Ry are measured: 0.1—1 (),
1-10 Q and 10-100 €. For the voltage scaling, the switch
in the circuit is configured so that the two arrows move to
the left, connecting the 1 and 10 turn windings of the CCC
in series as a null detector between the voltage across the
Josephson junction and the voltage across Ry which has the
value 0.1 Q). The current flowing through Ry also flows
through Ry which has the value 1000 ) so that a 1000:1
scaling is achieved. The power dissipation in the
resistors for the ratio calibration and voltage scaling
configurations is different so a series of small corrections
has to be made for the resistor power coefficient, measured
to be —0.013 ppm/mW.

A SQUID noise of 2.5 x 10~ *®, rms fora 1 s average and
a sensitivity for a single winding of 1.15 pA/®, were
achieved. This translates to a current resolution of 0.3 nA
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Current supply for resistance ratio
measurement
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Current supply for voltage
measurement

Fig. 7 Two terminal resistance ratio bridge for voltage ratio

rms and when the CCC is used as a null detector with 11
windings in series, this corresponds to 3 pV in 0.1 (). The
total measurement uncertainty for the comparison of a
standard cell with a Josephson junction using this approach
was estimated to be 1.1 parts in 10%, dominated by the
determination of the power coefficient of the resistors. This
method of relating the 1 mV output of a Josephson junction
to the working unit level of a standard cell was the first
practical application of a CCC for the scaling of an
electrical quantity and represented an improvement of a
factor of 10 over alternative methods at the time.

In a later experiment, designed to relate the voltage ofa 1 V
Josephson junction array to a 10 V electronic Zener reference,
an assessment of the power coefficient of the scaling resistors
was made by configuring them as a 9:1 Hamon resistor
network and measuring the power coefficient correction
with a CCC under the same conditions of use as the voltage
scaling measurement [24]. The overall uncertainty was
again approximately one part in 10%. It is an example of a
four-terminal resistance ratio bridge using a CCC and this
technique will now be described in more detail.

4.2 Four-terminal resistance measurement and
the quantised Hall effect (QHE)

A natural extension of the use of the CCC for two-terminal
cryogenic resistor measurement is the determination of four-
terminal room temperature resistor ratios. Owing to the
finite resistance of the connecting leads, the current no
longer divides exactly according to the resistance ratio. The
most common solution employed is to use two current
sources [25] as illustrated in Fig. 8, which drive
measurement currents through the resistor high and low-
current terminals (Hc and L¢).

The bridge current is set by the primary current source and
the slave current source is arranged to track the primary
source with a constant of proportionality set as closely as
possible to the reciprocal of the CCC winding ratio.
Various methods have been developed to achieve the
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Fig. 8 Schematic diagram of a general four-terminal CCC
resistance ratio bridge

necessary tracking using analogue or digital techniques
[26—-29]. Any remaining departure of the ratio N/;/N,I,
generates a flux in the SQUID and this signal is used to
correct the slave current in a negative feedback
arrangement. The four-terminal measurement is completed
by joining the two high potential terminals (Hp) together
and measuring the voltage difference between the low
potential terminals (Lp) with a sensitive detector.

The electrical isolation of the two bridge halves from each
other and from the overall conducting screen surrounding the
electronics is crucial to the overall accuracy of the bridge. The
effect of leakage paths indicated by R, to R, in Fig. 9 needs to
be considered carefully [30]. Direct leakage across the
resistors being measured is to be avoided as this produces
an error of the order of Ryy/Ricac Where Rgyy is the resistor

Master Slave

Current R q R Current
e

Source Source

b 1,

Fig.9 [lllustration of the important current leakage paths in a
CCC resistance ratio bridge
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being measured across which Ry, appears [31]. For
leakage paths between the two halves of the bridge, if the
voltage null detector is assumed to be balanced, then the
only path of importance is Rc. The effect of a leakage here,
close to the CCC windings, scales with bridge ratio [32]
and is of the order of N7o/(NoRjea) for Ny > N, and N,ry/
(NiRear) for N > Ny, with the errors in the two cases
having opposite sign. For example, if the lead resistance
were 1) and the bridge ratio is 100:1, then the Ryeu
should be greater than 10'' Q for an error of less than one
part in 10°. The rest of the leakage paths are between points
on the measurement circuit and the conducting screen
surrounding it. The effect of these leakage resistances on
the measurement result depends on the potential between
the circuit and the screen. If point Lp at Ry is directly
connected to the measurement screen, as in [32], then errors
of the order Ri/Ry.q for leakages R, and R, occur and this
can only be minimised by ensuring that R, has the lower
value of the two resistors being measured. The only
arrangement that reduces all errors to the level 7ieaq/Ricax 18
for the potential difference between the Lp terminals and
the screen to be maintained at zero using a high impedance
buffer amplifier [26]. This result is independent of the
measured resistance values and the bridge ratio. For a lead
resistance of 1 €}, a leakage resistance of greater than 10° Q
is required for an error of less than one part in 10°. It
should be noted that the position of the voltage null
detector is also important. If it is placed at the Hp terminals
instead, then the bridge is once more exposed to errors of
the order of Ry4/Ricak-

The voltage null detector output is normally brought close
to zero by injecting a balance current in an auxiliary winding
on the CCC. This can be done using a separately calibrated
potential divider system [25, 32], or by a self-balancing
feedback loop with a resistor of known value [8, 26, 33].
The accuracy required for this balance system depends on
the deviation of the resistance ratio from nominal. High
quality standard resistors are normally within one part in
10° of their nominal value and certainly not worse than one
part in 10*. For an overall ratio accuracy of one part in 10°
in the case of a one part in 10* deviation, a relative
accuracy of one part in 10° on the balance system is required.

The discovery of the QHE [34] gave an extra emphasis to
the use of a CCC for resistance ratio measurement. The
quantised resistance values follow the series R = Ry/i
where i is an integer and Ry is the von Klitzing constant.
The most commonly used integers are i =2 and i =4
which, together with the internationally agreed value of Ry
adopted since 1990, Rx_qo [35], yield resistance values of
12.9064035 and 6.45320175 k(). The challenge placed on
the designer of a CCC is to find a ratio of two integers
which is close to the ratio of these quantised values to a
decade resistance value and to have a total number of turns
compatible with the required current sensitivity. An
example ratio pair is 2065/16 and 2065/32 for the scaling
of i =2 and i =4 values to 100 (), respectively [36] and
these differ from the desired ratio by only 11.89346 x 10~°
which is well within the measurement range of a typical
CCC ratio bridge. Bridges based on a CCC for
measurements of the QHE were rapidly brought into
operation [32, 37, 38] and measurements close to the
theoretical noise limit were demonstrated using a second
SQUID with matching transformer as the voltage null
detector [39]. CCC ratio bridges are now used by many
National Metrology Institutes around the world to maintain
their local resistance standards. Comparison between
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systems using travelling resistance standards normally
demonstrates equivalence at the level of a few parts in 10°
or better, the performance frequently being limited by the
stability of the resistance standards [40].

For room temperature resistance measurements, it is
possible to design a CCC bridge so that all noise
components are less than the Johnson noise in the resistors
being measured. Under these conditions, the resolution
(defined here as the ratio of the noise voltage to the bridge
voltage) depends only on the bridge ratio and the
measurement power dissipation, not on the absolute value
of the resistors being measured. In a current comparator
bridge, the smaller resistor dissipates the larger power so
this sets the maximum measurement voltage or current,
typically in the range 1 to 10 mW. The Johnson noise
power in any resistor for a 1Hz bandwidth is
P,=4kgT =16 x 102°W at 293K, where kg is the
Boltzmann constant. The noise power seen by the null
detector in the bridge is the sum of the powers in the two
resistors, so for a 1:« ratio measurement the voltage noise
at the detector will be V,f =P,(1 + )R where R is the
smaller resistor. Thus for a power dissipation in the smaller

resistor of P,, the resolution will be /P,(1 4+ «)/P,, and
for a =10 this corresponds to 1.3 parts in 10° for
P,=1mW.

The bridge electronics should be designed so that there is
sufficient gain in the SQUID feedback loop that the noise
from the current sources is reduced below that of the CCC
and SQUID combination [30]. The noise contributions are
then the CCC—SQUID noise and the voltage and current
noise of the voltage null detector. Fig. 10 shows the voltage
and current noise components of a high quality null
detector together with the Johnson noise from the resistors
being measured. In this example, the values used are
1 nV/Hz and 0.5 pA,/Hz. It can be seen that the Johnson
noise of the room temperature resistors dominates over the
resistance range 15 () to 15 k), so this detector is suitable
for 10:1 ratio measurements over the range 1 Q) to 10 k().
However, for a QHR measurement to 100 ), the QHR,
being at 0.3 K, has a lower Johnson noise than the 100 Q
resistor so the critical component becomes the current noise
of the null detector with a value of 0.1 pA/~/Hz being
required for this not to dominate. A lower current noise
detector can be made using a SQUID with appropriate flux
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B Resistorsat293 K
A Resistorsat4 K
— — Current noise 7
10.00 1. _ _ _voltage noise P Z

Johnson noise 293 K
- -Johnson noise 4 K
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Fig. 10 Noise of a null detector for a range of source resistances,
expressed as an Allan deviation for a 10 s measurement interval
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transformer [39]. The current noise due to the CCC-
SQUID combination must also be below this level. For a
typical number of turns of 2065 and CCC sensitivity of
5 pA/D, for a single turn, a SQUID noise of better than
4 x 107> dy/\/Hz is required.

A CCC ratio bridge is the ideal tool for comparing one
QHR sample with another. A specially constructed bridge
was used to demonstrate the universality of the QHR to a
relative uncertainty of three parts in 10'" by comparing the
i =2 plateau in a GaAs/AlGaAs heterostructure with the
i = 4 plateau in a silicon metal—oxide semiconductor field-
effect transistor (MOSFET) [41]. Further investigations of
material and plateau independence of the QHE showed no
significant effect at a similar level of uncertainty [42]. The
CCC played a key role in the measurements of Rx in SI
units where it formed part of a long measurement chain
from a QHE sample measured with direct current, via a
resistor with calculable difference between direct and
alternating current, to a capacitor with calculable value in
terms of the permittivity of free space, g,. With the
assumption that Ry is exactly equal to the ratio /4/e?, where
h is the Planck constant and e is the charge on an electron,
this measurement makes an important contribution to the
determination of the fundamental physical constants [43, 44].

A CCC ratio bridge can also be used to verify other ratio
standards, designed to be accurate from first principles. An
example is a resistance network designed for verifying the
linearity of resistance thermometry bridges where four
resistors can be selected in different combinations to give
35 different resistance values all related by the formulae for
series and parallel connection of resistors [45]. Verification
of the network performance with a CCC bridge
demonstrated consistency with the calculated values at the
nQ/Q level.

4.3 Low-value resistors

The CCC applications described so far have typically used a
CCC with a flux linkage in the region of 0.1 A in a single turn.
For the measurement of resistors below 1 ), currents above
0.1 A are required and measurements up to 100 A are
common on higher power resistors and shunts. A CCC and
associated resistance bridge has been developed specially
for this resistance range [46]. The flux linkage for a single
turn at 100 A is 1000-fold larger than normally encountered
and this introduces two design challenges. First of all, the
SQUID null detector is much too sensitive with the result
that the peak-to-peak noise on even the best 100 A current
sources will be many times a flux quantum. This problem
was solved by connecting a short length of superconducting
wire across the SQUID input terminals. This attenuates the
signal in the SQUID by the ratio of its inductance to the
SQUID input coil inductance in parallel with the CCC
pickup coil. The basic sensitivity of the CCC for a single
turn of 13 wA/®, was reduced by a factor of nearly 1000 to
10 mA/®,. Secondly, the local field generated by a single
conductor carrying 100 A might drive a superconducting
shield normal since the field close to a 1 mm diameter wire
carrying 100 A is 0.05 T compared to the critical field of
lead, for example, which is 0.08 T. This problem is reduced
by using a Type II CCC so that the current-carrying wires
can be located some distance away from any of the
superconducting screens. A test of the CCC ratio accuracy
on a 1000:1000 ratio, wound with superconducting wire, up
to a flux linkage of 1000 A turns revealed no error within
the measurement resolution of one part in 10°. However,
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a test of the 1:1 ratio, which was constructed using copper
wire, revealed a change in the SQUID output corresponding
to several parts in 10° when the current was increased from
zero to 100 A. This change was independent of current
direction and so was attributed to a temperature increase in
the helium bath due to heat dissipation in the winding
rather than a ratio error. This effect therefore does not lead
directly to an error on a measured resistor ratio but does
contribute to the Type A uncertainty components. (A Type
A evaluation of a standard uncertainty is an estimate for a
quantity that varies randomly, whereas a Type B evaluation
is not based on repeated observations but is instead
evaluated by scientific judgement [47].)

The Type A uncertainty achieved for low power
measurements, in the range 1-10 mW, is limited in this
design by the noise of the voltage null detector
corresponding to the equivalent Johnson noise in a resistor
of approximately 1 (). Nevertheless, uncertainties ranging
from 0.03 nQ/Q for a 0.1 ) resistor measured at 1 mW to
0.2 pQ/Q) for a 100 L) resistor measured at 10 mW were
achieved. The Type A uncertainty for high power
measurements becomes dominated by the stability of the
resistor under test. As an example, an uncertainty of a few
parts in 107 was achieved for a 10 mQ) resistor measured
at currents up to 50 A. In addition to resistor ratio
measurement of low ohmic resistors, a high current CCC
can also be used to verify the ratio accuracy of room-
temperature current comparators based on magnetic shields
and detection cores. In this application, the uncertainty will
be limited only by the properties of the comparators being
compared as no resistors are involved.

4.4 High-value resistors and small currents

At the other end of the scale from high current measurement,
the CCC has also been extensively explored for the
measurement of high value resistors and small currents.
Here the motivation is to combine the high ratio accuracy
of a CCC with as high a current resolution as possible.

The first application of a CCC to high resistance
measurement was for resistors up to 1 MQ and used a CCC
originally designed for QHR measurements, where the
largest winding available had 1600 turns [48]. The quoted
sensitivity was 700 pA/,/Hz for a single turn leading to a
value for 1600 turns of 440 fA/,/Hz, which is about the
same as the current noise of the null detector used in the
bridge so that the total current noise is about a factor of /2
worse. The current noise due to Johnson noise in a 1 MQ
resistor is 13 fA/\/Hz so the noise in the measurement is
dominated by the SQUID and null detector. For a
measurement of 10 kQ) to 1 M) at a bridge voltage of 5V
as used by the authors, the current noise sets a resolution of
approximately 1.5 x 10~7 in a 1 Hz bandwidth. A Type A
uncertainty of 8 x 10~7 was achieved for a 10 kQ to 1 MQ
ratio but the overall accuracy of the measurement was
limited to 5 x 10~ ® by Type B uncertainties due to leakage
currents.

An increased number of turns gives more sensitivity as
demonstrated in a CCC resistance ratio bridge for
comparing a 100 M) resistor directly with a QHE sample
[49]. Here a two-terminal CCC bridge with a single
energising source (Fig. 7) was used and connection to the
devices was made by adopting a cryogenic resistor and a
special property of QHR devices whereby an accurate two-
terminal definition can be realised remotely from the device
using a multiple-series connection [50]. The CCC
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sensitivity quoted for a single turn is 170 pA/,/Hz and this
leads to a sensitivity for a 15500 turn winding of 11 fA/
JHz, an improvement of a factor of 40 on the previous
figure above. A separate null detector is not needed in a
two-terminal configuration so there is no extra noise from
this component. The current noise from the 100 M()
resistor at 4.2 K is 1.5 fA/{/Hz. It is important to note that
the sensitivity quoted is for a complete measurement
system, including all connecting cables and the extra noise
observed over that theoretically obtainable is attributed to
the induced voltages caused, for example, by vibration of
leads in the magnetic field of the QHR system. The
maximum current that could be handled by the QHR device
of 73 pA in turn limited the current in the 100 M) resistor
to about 10nA so the measurement resolution was
approximately one part in 10° for a 1 Hz bandwidth. A
large number of turns on a CCC can result in a resonance at
audio frequencies which, if left undamped, can give rise to
instability in the SQUID control loop. Here damping was
provided by using resistive wire for the large winding, and
other researchers have also included resistive foil screens in
the design to increase the damping further [51].

In the measurement of high value resistors, the resistance of
the connecting leads is a smaller fraction of the resistors under
test. If the lead resistances are not negligible, then they can be
measured and a correction made [52]. Alternatively, a four-
terminal measurement can be realised as illustrated in
Fig. 11. Here the current division ratio is set by adjusting
resistor R, so as to achieve a minimum SQUID signal and
the deviation of the resistor ratio R{/R, is indicated by the
voltage detector. A resistor network consisting of r and r,
is used to reduce the effect of resistance in the connecting
leads and it can be easily shown that the residual error in
the resistor ratio R;/R, can be approximated by

SNFH(erz 1)
— (r+r )R \Ryry

Fig. 11 Schematic diagram of a four-terminal bridge employing
a resistance network to reduce the effect of voltage drop in the
connecting leads
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where r is the resistance of the connection between the
potential terminals of the two resistors being compared.
Thus, if the ratio R 7»/R,r is chosen to be within one part in
10* of unity and #/R; is less than 10~* then the error will be
less than one part in 10°. This arrangement is practical for
resistance values of 10 k) or higher with lead resistances of
1 Q or less and fixed components can be used avoiding the
need for a secondary bridge balance adjustment. This circuit
configuration requires a voltage detector but this component
can be satisfied by a low current noise operational amplifier.
Commercial components with a current noise of 10 fA p—p
in a 0.1-10 Hz bandwidth are available which is comparable
with the equivalent current noise of the CCC.

The advent of single electron transport devices, with the
promise of providing a quantum standard of current, has
introduced another potentially key role for the CCC. Here
the challenge is to relate the current from such a device
(electron charge x frequency) to the established quantum
standards of voltage and resistance [53]. This task has been
known as the closure of the ‘metrological triangle’ [54].
Systems have been developed using a CCC with a large
turns ratio (greater than 10:000 to 1) so as to scale the
small current from a single electron device to a larger
current which can then be passed through a resistor [55] or
directly through a QHR device [56]. In a practical system,
the maximum resolution set by the SQUID intrinsic noise is
often degraded by extra noise sources such as trapped
magnetic flux in the CCC and noise currents from
microphonics in the connecting cables. The performance of
four CCCs optimised for small current measurement is
summarised in Table 2 with figures given for both the
theoretical maximum current resolution and what was
measured in practice. Undesirable effects due to connecting
leads can be reduced by placing the CCC in the same
cryogenic environment as the single electron transport
device with resolutions achieved of 50aA for a 1h
measurement using a test current [57] and 12 aA fora 12 h
measurement of a single electron device producing a current
of a few pA [58].

4.5 Alternating current ratio

A CCC can also be used for measuring the ratio of alternating
currents. A device constructed in the manner normally used
for direct current has a significant frequency-dependent

Table2 Summary of CCC designs for low current measurement
giving details of the SQUID noise, CCC sensitivity for a single turn,
number of turns employed, theoretical maximum resolution and
the resolution obtained in practice

Author Intrinsic CCC Turns Max. Claimed
SQUID sensitivity resolution resolution
noise uA/Dgy fA/\JHz fA/JHz

udo/\/Hz (1 turn)

Gay et al. 5.7 5.0 10 000 2.9 4.0

[55]

Rietveld 11 2.3 30000 0.8 2.1

et al. [16]

Elmquist 5.0 3.8 15500 1.2 1

et al. [49]

Janssen 3.2 10.7 40960 0.5 6

and

Hartland

[56]
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error due to combination of the series inductance of the
windings and their parallel capacitance. The measured
current ratio has an in-phase error of the form (1 — k)&’LC,
where k is the coupling between the two windings and L
and C are the series inductance and parallel capacitance of
a winding, respectively. Typical values of (1 — k)L = 4 mH
and C = 800 pF led to an estimated error at 4 Hz of about
two parts in 10° [59]. A resistance ratio bridge based on a
CCC with alternating current is more complex than the
corresponding design for direct current as additional care
has to be taken over currents which flow in stray
capacitances. Furthermore, it is difficult to obtain a high
loop gain in the SQUID feedback system at the
measurement frequency. Overall bridge accuracy is
therefore ensured by careful matching of the primary and
secondary current sources in the bridge and as high a loop
gain as possible [60, 61]. An advantage of low-frequency
alternating current for resistance ratio measurements is that
1/f noise sources in the measurement system, such as in the
SQUID null detector, can be avoided. Low-frequency
measurements can also be used to explore the ac/dc
difference of resistors in the 0.1-1 Hz frequency range.
These can be caused by dielectric losses or the Peltier effect
and can be as large as one part in 107 [60].

The performance of a CCC with alternating current can be
significantly enhanced if steps are taken to reduce the effect of
the stray capacitance. Auxiliary wound cores can be added to
the design in order to null the alternating voltage developed
across the CCC windings [62, 63]. One core is required for
each active winding and their energisation has to be
separately adjusted until the measured voltage across each
of the windings is null. This compensation reduces the
effect of capacitance between individual turns. In a separate
step, the effect of capacitance between the winding and
its surroundings is compensated by a variable shunt
capacitance connected across the winding input. This can be
done as a self-calibration procedure by using coaxial cable
for the windings and using the outer shield as a return path
for the current during the adjustment of the trim capacitor.
Correct adjustment is indicated by zero signal on the CCC
null detector. A comparator correctly adjusted in this
manner can then have ratio errors as low as one part in 10®
at frequencies up to 10kHz, compared with an
uncompensated design which would have errors of the
order of 1% at these frequencies.

An alternative approach for achieving a high-frequency
performance is to use thin film fabrication techniques to
form a CCC [64]. Here a planar construction is used to
fabricate coils with a self-resonance frequency in the
100 MHz region suggesting that frequency-dependent errors
would be less than one part in 10® up to 10 kHz. However,
prototypes constructed with this technique had a ratio error
at dc, due to geometry, of the order of 500 parts in 10° and
this would need to be calibrated and remain stable for a
practical ac device to be realised.

5 New materials and special designs

The availability of materials which are superconducting at the
boiling point of liquid nitrogen, 77 K, gives scope to make a
cryogenic current comparator operating at this temperature.
However, unlike the thin, malleable Pb-alloy foil used to
provide the coaxial shielding in most CCCs for operation at
4.2 K, high temperature superconductor (HTS) materials are
ceramics and are produced in particular shapes that cannot
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be easily modified afterwards. One approach is to use long
tubes fabricated in HTS materials such as YBa,Cu;0-
(YBCO) and Ba,Sr,CaCuz0g (BSCCO). A simple design is
to use two parallel tubes, 100 mm in length, with an HTS-
SQUID mounted in the gap between them [65]. The CCC
windings pass through the tubes and it was found in this
example that the current—linkage error decreased away from
the tube ends and changed sign at the half-way point. The
error varied approximately linearly from —2 x 107> to
2 x 1077 over a distance of — 10 mm to +10 mm about the
centre. This design had a sensitivity of 270 pA/®, for a
single turn and the SQUID noise was 2.5 x 10~ * ®y/,/Hz,
giving a corresponding current resolution for a single turn
of 25nA//Hz. Other approaches using bulk materials
include components machined from YBCO and assembled
to form the geometry of a Type-I CCC, protot Ipes of this
design achieving ratio errors of parts in 10" [66], also
cylinders of MgB, with a machined U-shaped coil recess [67].

As an alternative to bulk materials, thick films coated onto
a substrate can also be used to construct CCC tubes. A
prototype has been successfully constructed using
T1,Ba,Ca,Cu30, (T1-2223) coated on both the inner and
outer surfaces of MgO tubes [68]. Four parallel tubes were
used to construct the CCC with a winding in each pair as
illustrated in Fig. 12. In one design the tubes were spaced
by insulators and in another, pairs of shields carrying the
windings in the same direction were joined along their
length by a superconducting joint. In principle, no flux
would pass between these shields in the region of the joint
when the windings carry equal current, but the
superconducting joint is included to reduce any non-ideal
behaviour and thereby improve the accuracy and stability of
the device.

The tubes were 200 mm long and 10 mm diameter and
were spaced to give a 4 mm aperture for the SQUID which
is located in the central region. The ratio error was tested up
to 2 A turns and found to be exponentially decreasing as the
SQUID was moved from the tube ends towards the centre
where it fell below 1 x 10" °. The version with the Jomed
tubes showed a nearly constant error of order 1 x 10~°
over a central region of +20 mm. Although the accuracy of
this design is improved over the design with bulk tubes, the
sensitivity is reduced to 1740 pwA/®, for the insulated tube
version and sensitivity of 2460 wA/®, for the joined tube
version. This corresponds to resolutions of 440 and 620 nA/
JHz, respectively, for a SQUID noise of 2.5 x 10~* &,/
JHz. The reduced sensitivity is attributed to the fact that
only 0.2% of the flux passing through the aperture is sensed
by the SQUID.

In HTS CCC designs, the lack of suitably flexible wires and
materials that can be reliably joined while maintaining a
superconducting connection means that flux transformers to
optimise the coupling of the CCC to the SQUID cannot be

Fig. 12 Cross-section of HTS comparator showing four cylinders
and the location of the windings and planar SQUID sensor
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constructed. However, the coupling of the CCC to the
SQUID can be improved by using a flux concentrator [69].
Here advantage is taken of the thin film HTS coating on a
substrate in that a gap can be introduced into the outer layer
and the gap bridged at just one place forcing the current to
flow through one place. The motivation for this design was
to make a CCC based on HTS materials for measuring ion
beam currents. The field profile generated by the bridge is
very well suited to detection by a SQUID gradiometer.
There are two limits to the design of the bridge. First, the
cross-section must not be so small that the critical current
density of the superconducting film is exceeded and
secondly, the inductance of the bridge must be less than the
alternative current path via the underlying surfaces of the
superconducting film [70]. Calculation and measurement of
the field gradient produced by a simple 12 mm x 4 mm
bridge gives ~ 1 wT cm ™! for a current of 7 mA. If this is
efficiently cou?led to 2 gradiometer with typical sens1t1v1ty
of 0.1 pT cm %, then an equivalent current noise of
better than 1 nAHz '~ is possible. More complex bridge
structures, such as a double loop, can be fabricated to
improve the coupling to a gradiometer [71]. For a tube
length of 100 mm, the error in the CCC, for two equal
currents, was observed to be 1 x 10>, The resolution was
estimated to be 4 nA Hz ™ /.

An HTS CCC for ion beam measurement has been
successfully integrated with a closed cycle cooler [72]. The
system was tested against a Faraday cup monitor for beam
currents of 600 nA and 7 wA and showed a basic resolution
of 400 nA.

12

6 Summary

The CCC has played a key role in electrical metrology over
the last 40 years and its very high ratio accuracy of better
than one part in 10° and high current sensitivity means that
it is the ideal component for scaling the voltage, resistance
or current from a Josephson, QHE or single electron
transport device, respectively, to practical working values.
As each of these electrical quantum effects emerged, the
CCC was rapidly deployed in order to make the most
accurate measurements in the established SI system. The
theory of the sensitivity and accuracy of a CCC is now well
understood; so it is possible for researchers to make devices
to well-established principles and formulae. The CCC has
been successfully deployed in measurement systems for the
routine calibration of electrical standards, and QHE primary
resistance standards based on a CCC bridge have been
commercially available for over 15 years.

Although the majority of routinely operating devices are
based on materials that are superconducting below 10 K,
requiring liquid helium cooling, considerable effort has
been invested in designs based on HTS materials. These
have yet to achieve the combination of accuracy and
sensitivity enjoyed by their lower temperature counterparts
but the potential for operation at 77 K is sufficiently
attractive for research to continue. The independence of the
CCC accuracy from the geometry of the ratio windings has
been used to advantage outside electrical metrology for the
measurement of ion beam currents, where insensitivity to
the position of the beam as it passes through the
measurement device is required.

The challenge placed on a CCC to scale the current from a
single-electron transport device so that it can be measured in
terms of the Josephson effect and QHE in the metrological
triangle to a sufficient accuracy still has to be met. It is
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estimated that closure of the metrological triangle with an
uncertainty approaching one part in 10° is required in order
to influence the least squares adjustment of the fundamental
constants based on existing experimental data [73]. In order
to meet this target, an operating current in the nA to pA
range from single-electron transport devices is almost
certainly required since, as has been shown, the current
resolution of a practical CCC is limited to the order of 10 aA.
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