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9.1
Introduction

Metrology is the science of precise measurement. SQUIDs, combining the two
properties of extraordinary sensitivity together with a periodic response to an
input signal which is based on a quantum standard (the flux quantum U0 = h/2e),
are particularly well suited for metrology applications, and especially for quantum
electrical metrology. As simple as a superconducting ring interrupted by one or
two Josephson junctions, the working principle of SQUID is based on double
quantum phenomena both involving the same quantum U0: the quantization of
magnetic flux across the ring and the oscillation of the supercurrent circulating
across the junction. The first metrological use of the SQUID as a voltmeter (a null
detector in the sub-femtovolt range) for testing the universality of the current–
phase relationship of a Josephson junction hardly comes as a surprise (see Section
8.2). The second important application of the SQUID in metrology is its use as a
magnetic flux detector combined with a marvellous tool: the cryogenic current
comparator (CCC). This is the instrument used in a resistance bridge which has
allowed National Metrology Institutes (NMIs) to establish the high reproducibility
of the quantum resistance standard based on the quantum Hall effect (QHE) (see
Section 9.3.3). The CCC can also operate as an ultra low current amplifier with a
very highly accurate gain. CCCs have been developed for measuring the very
small current delivered by single electron tunneling (SET) sources, (for example:
a few picoamps for a single-electron pump). The aim is firstly to establish if SET
devices could generate highly quantized current and therefore if a quantum stan-
dard of current could be available especially for amplitudes less than 1 nA (see
Section 9.3.4). Then the important issue will be the closure of the quantum metro-
logical triangle with a very high precision, by directly combining the ac Josephson
effect (ac JE), QHE and SET.
There are at least two other applications of CCCs in electrical metrology nowa-

days. The first involves a second type of CCC particularly designed to measure
direct currents with an amplitude as high as 100 A (see Section 9.3.5). The second,
which implies a CCC based on the initial concept of a superconducting tube, is
devoted to noninvasive sensing of charged particle beams.
Other current applications of SQUIDs in metrology concern thermometry (Sec-

tion 9.41) and a former metrological application of SQUIDs in the field of micro-
wave measurement which may come back to prominence in the future (Section
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9.42). The wide domain of X-ray and c-ray spectrometry where SQUIDs are used
for metrological purposes is dealt with in Chapter 8.
It has to be pointed out that many of the metrological applications presented

are still in the development phase and this chapter represents a snapshot in time.
The chapter ends with an assessment of future trends (see Section 9.5), especially
those of single-particle detection, quantum measurement and the requirements
of metrology at the nanometer scale.

9.2
SQUIDs in Voltage Metrology

9.2.1
SQUID Femtovoltmeter: Highly Accurate Voltage Measurement

9.2.1.1 Principle

A SQUID magnetometer may be converted very simply to a highly sensitive fem-
tovoltmeter [1], as already discussed in Section 8.2. It is only necessary to take a
coil of inductance Li and a low resistance Ri, which is magnetically coupled to the
SQUID loop via the mutual inductance Mi and to apply the voltage Vs to be mea-
sured across it as shown in Figure 9.1. The current Ii, which flows in the input
coil, will apply flux to the SQUID loop. This flux may be then detected in the usu-
al way using the flux-locked loop feedback circuit. Of course the input coil may be
made of a superconductor, having essentially zero resistance. Then the steady
state current flowing is determined by the voltage applied and the internal resis-
tance of the voltage source.

979.2 SQUIDs in Voltage Metrology

∫

Fig. 9.1 Basic circuit of a picovoltmeter based on a dc SQUID. The feedback
current If flowing through the resistor R1 develops a voltage drop Vf which
tends to null Ii. Then the signal voltage VS equals the product R1If, and the
output voltage VOUT is given by VOUT = VS R2/R1, typically R2/R1 >> 1.
Ib denotes the SQUID bias current.
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9.2.1.2 Femtovoltmeter for Verifying the Universality of Josephson Constant
In an extreme case, the voltage source may have truly zero resistance. An example
would be a Josephson junction irradiated with a spectrally pure microwave source
having frequency f and biased on one of the induced Shapiro steps which exhibit
quantized voltages at nU0f (n is an integer), but which have zero differential resis-
tance against small changes in bias current. In this case a steady state current will
not be attained: instead an input current increasing linearly in time will be pro-
duced at a rate dI/dt = DVs/Li, where DVs is the constant applied voltage and Li is
the inductance of the input coil [2]. The extreme sensitivity of SQUIDs when used
in this way (with vanishingly small input resistance sources) was demonstrated to
be at the level of 10–22 V [3]. Tsai et al. used the same principle, where two Joseph-
son junctions made of different materials are biased with the same frequency on
the same integer Shapiro step, while they are joined through a superconducting
input coil coupled to a SQUID. By attempting to observe the time-dependent sig-
nal expected at the SQUID output Tsai et al. were able to put an upper limit on
the material dependence of the frequency to voltage ratio [4]. The so defined
Josephson constant KJ

1), is less than 2 parts in 1016. That strengthens our confi-
dence in the universal aspect of KJ and hence in the equality KJ = 2e/h.
Hovewer, even if strong theoretical arguments exist, from a strictly metrological

point of view, this relation is not proven. Moreover, this result does not mean an
upper deviation of the ratio KJ/(2e/h) from one is of the order indicated above. The
exactness of this relation has been recently tested by the CODATA task group in
the framework of the 2002 fundamental constant adjustment [6]. It was shown
that there is no significant deviation between KJ and 2e/h, but with an uncertainty
of 8 parts in 1082).

9.2.2
SQUID Ampermeter for linking the Volt to Mechanical SI Units

In the SI system, the electrical quantities are defined so that force and energy gen-
erated in electrical systems are measured in the same units as in mechanical sys-
tems. For linking the volt and ampere to mechanical SI units, one needs some
electromechanical system in which electrical and mechanical energies can be
compared directly. Several kinds of experiments contribute to providing values of

98

1) The determinations of 2e/h in SI units per-
formed in the 1980s, which were found in
better agreement than the previous ones,
allowed the ComitM International des Poids
et Mesures (CIPM) to recommend imple-
menting the Josephson effect as a voltage
standard, to use the Josephson constant KJ
as an estimate of 2e/h and for calibration
purposes by assigning to it one single exact
value of KJ-90 = 483 597.9 GHz/V [5]. Note
that the uncertainty on KJ presently given by
the CIPM is 4 parts in 107 in terms of SI
units.

2) This is a fairly large value compared to the
agreement of one part in 1010 routinely
found by the NMIs in direct comparisons of
1 V and 10V Josephson voltage standards
based on series arrays of large numbers of
underdamped junctions (superconductor–
insulator–superconductor technology). The
arrays contain 2000 to 3000 junctions for 1 V,
to more than 10 000 junctions for 10 V (for a
review of Josephson standards, see for
instance [7, 8]).



9.2 SQUIDs in Voltage Metrology

KJ or 2e/h in SI units (if one assumes the equality KJ = 2e/h to be valid). The mov-
ing coil Watt balance is the technique of highest accuracy so far. This method
could be the origin of a new SI definition of the kilogram if an uncertainty of one
part in 108 is reached, the definition possibly based on the Planck constant. A
review of Watt balance experiments is given in [9]. Another method, currently
investigated by some NMIs with the same objective, involves a SQUID amper-
meter [1–13]. This method consists of levitating a superconducting body succes-
sively at different equilibrium positions in a non-uniform magnetic field3).
Figure 9.2 (a) shows a schematic of the experimental setup currently developed

at NMIJ4) [10,11]. A body of small mass m = 25 g, a phosphor-bronze thin wall
cone covered with lead, reaches stable levitation positions in the magnetic field
induced by the conical superconducting coil. The levitation occurs when the mag-
netic flux is large enough for the force due to the Meissner effect to balance the
weight of the body. The current source is controlled by a SQUID ampermeter to
keep always at zero the current IS in such a way that the coil current is perma-
nently equal to the drive current I. The experiment consists of two working
phases:

1. In a “flux-up” mode, the Josephson device irradiated by
microwaves at frequency f is biased on the n= 1 Shapiro step
for a time interval t. Consequently, the flux in the coil is
increased by a known amount DU = fU0t since the emf of the
superconducting coil is maintained equal to the Josephson
voltage during the process.

2. Then the Josephson device is biased on the n= 0 step to keep
U constant so that the floated body reaches an equilibrium
position. The vertical position of the center of gravity of the
body is then measured by laser interferometry while the
drive current is measured by recording the voltage drop V
across a calibrated resistor R.

The energy supplied by the external source between any two equilibrium positions
at heights zL and zH, with subscripts L and H corresponding to low and high posi-
tions respectively, is

ZUH
UL

IdU ¼ 1
2

UHIH �ULILð Þ þ mg zH � zLð Þ: (9:1)

The first term on the right-hand side corresponds to the increase of the magnetic
energy of the coil-floating body system, and the second term is the work provided
by the magnetic field to increase the gravitational energy of the body.
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3) The experiments using the Watt balance or
the floating body method lead to the deter-
mination of the Planck constant in terms of
the kilogram with the double assumption

that 2e/h and h/e2 are the true constants
involved in the acJE and QHE.

4) NMIJ is the National Metrology Institute of
Japan.
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The process of repeating successively the “flux up” and “constant flux” modes
provides a set of data (I, z) as a function of U which describe a so-called equilibri-
um trajectory [10], as shown in Figure 9.2 (b). The trajectory data allow one to cal-
culate an SI value of U0 and thus 2e/h or KJ. From the energy Eq. (9.1), a value of
U0

2 is indeed deduced in terms of kilogram, meter and second since both the flux
change and the current can be expressed in units of U0.
The main obstacles to reducing the uncertainty level to well below one part in

106 presently reached at NMIJ reside in unwanted energy losses, insufficient
understanding of mass metrology in the low temperature environment, and
imperfect diamagnetism. The uncertainty component related to null current
detection is estimated to be of the order of one part in 107 with a SQUID amper-
meter whose current sensitivity has been adjusted to 110 lA/U0 [11].

9.2.3
Other Precise SQUID-Based Voltage Measurements

SQUID picovoltmeters have been used in precise comparisons of low-resistance-
value standard resistors in standards laboratory applications but are generally only
useful where cryogenic resistors are involved (Ri in Figure 9.1) [14]. For compar-
ing resistance standards of 100 X at room temperature or quantum Hall resis-
tance standards operating on the i = 2 or i = 4 plateau (12 906X and 6453 X,
respectively) at very low temperature (T < 1 K), it is important to develop SQUID-
based null detectors with a noise equivalent resistance (RN) at 300 K less than that
of the best nanovoltmeter commercially available (RN » 20 X). The SQUID has
thus been used as a null detector in a CCC-based resistance bridge in which a
100-X resistance standard placed at room temperature was calibrated against
quantum Hall resistance standards operating on the i = 2 or i = 4 plateau at 1.3 K
with an uncertainty of a few parts in 109 [15].

100

Fig. 9.2 Principle of the floating superconductor body method for the determination
of U0 in SI units. (a) Schematic of the experimental set-up at NMIJ. The superconducting
part of the circuit is in gray. (b) Equilibrium trajectory: coil current I and vertical
displacement z as functions of the magnetic flux U induced by the coil.



9.3 Cryogenic Current Comparator (CCC)

Picovoltmeters have also been fabricated using cuprate high-temperature super-
conductor (HTS) SQUIDs. Miklich et al. fabricated a YBCO SQUID with a YBCO
input coil which demonstrated a 2.3 pV/Hz1/2 sensitivity for signals at 1 Hz [16].
Eriksson et al. were able to demonstrate a possible application of an HTS SQUID
picovoltmeter as a means of testing for transients on high-voltage power supply
transmission lines, with a speed of response which was superior to conventional
methods [17].
The early work on the CCC described in the next section was aimed at Joseph-

son voltage measurements, using cryogenic resistors to scale the voltage to higher
levels [18, 19]. In the 1970s, the primary voltage standards were indeed based on
single overdamped Josephson junctions which generated a voltage of only a few
millivolts (typically working on high-order steps, n > 500 at frequency f » 10 GHz).
By means of this cryogenic voltage comparator, it was possible to calibrate second-
ary standards such as the well-known 1.018-V saturated Weston cells (still in use
nowadays) with an uncertainty of 10 nV, 10 times lower than the uncertainty
obtained with the method employing voltage dividers.

9.3
Cryogenic Current Comparator (CCC)

9.3.1
Principle of the CCC

The CCC was invented by Harvey in 1972 [20]. The principle rests on AmpPre’s
law and perfect diamagnetism of the superconductor in the Meissner state. Con-
sider two wires inserted into a superconducting tube of wall thickness several
times larger than the London penetration depth (Figure 9.3). Currents I1 and I2
circulating through these wires will induce a supercurrent I flowing up the inner
surface of the tube and back down the outer surface in such a way that a null mag-
netic flux density is maintained inside the tube. By applying AmpPre’s law to a
contour in the bulk, labelled a in Figure 9.3, we find that

I
a

Bdl ¼ 0 ¼ l0 I1 þ I2 � Ið Þ (9:2)
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Fig. 9.3 Principle of a CCC.
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which yields the equality of the currents:

I = I1 + I2. (9.3)

If the wires carrying I1 and I2 pass through the tube N1 and N2 times respectively,
the supercurrent I is equal to

I = N1 I1 + N2 I2. (9.4)

These equalities are valid independent of the position of the wires inside the tube,
even if the wires describe some “S” path (Figure 9.3, case a¢). Only the current
density distribution on the inner surface of the tube can be inhomogeneous in the
case of asymmetric positioning of the wires, whereas the current density distribu-
tion on the outer surface stays homogeneous. Here is the key reason for the high
level of precision of the CCC.
In the real case of a tube of finite length, the equalities above are in fact altered

by the unscreened magnetic flux induced by the currents I1 and I2 at the ends. To
overcome these end effects and at the same time to make the device practical with
a limited size, the tube is shaped in a torus with its ends being overlapped (but
electrically insulated) like a “snake swallowing its tail” (Figure 9.4). The longer is
the overlap, the more efficient is the screening of the magnetic flux which tends
to leak through the gap of the overlap. This is the method proposed by Sullivan
and Dziuba for improving the exactness of the CCC current ratio [21]. Currents I1
and I2 of opposite direction flowing in two windings of number of turns N1 and
N2 induce a supercurrent I = N1 I1 – N2 I2. The external magnetic flux U, which
results only from the supercurrent, is detected by a SQUID through a flux trans-
former composed of a pickup coil wound very close to the toroidal shield (on its
inner or outer surface) and the input coil of the SQUID. The output voltage of the
SQUID is then converted to a current which feeds back one of the two windings

102

Fig. 9.4 Schematic of a type I CCC.
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to null the magnetomotive forces. From this ampere turn balance results the
equality of the ratios:

I1/I2 = N2 /N1. (9.5)

A second type (II) of CCC, proposed by Grohmann and coworkers in 1973, can
also be constructed by placing the pickup coil inside the toroidal superconducting
shield and by wrapping the windings outside, like a conventional transformer
with windings around the ferromagnetic torus [22]. The superconducting shield
also overlaps itself around the torus. Figure 9.5 shows an example of a type II
CCC which is presently used in metrology and is described in Section 9.3.5 [23].
Note that in this configuration, the SQUID could be placed inside a superconduct-
ing shield and thus become completely immune to parasitic magnetic flux.
All CCCs currently used in NMIs are based on low-temperature superconduct-

ing (LTS) materials, particularly lead for the overlapping shield, because these
materials guarantee high current resolution (reduced Johnson noise due to low
working temperature, high level of screening against unwanted magnetic fields),
and high accuracy (because their high critical current density allows a complete
Meissner effect in the bulk). However investigations have been carried on HTS-
based CCCs and some promising results have been reported [24–28]. Different ge-
ometries have been designed depending on the particular application. For
instance, Early et al. have been able to fabricate a split-toroid YBCO CCC which
could be suitable for resistance ratio or low current measurements [28]. Another
example, which is described in Section 9.3.6, is a CCC made of a YBCO-coated
tube. It has been developed at the National Physical Laboratory (NPL) for measur-
ing charged particle beams.
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Fig. 9.5 Schematic of a type II CCC.
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9.3.2
Limits to Accuracy of CCC Ratio Measurements

9.3.2.1 Sensitivity and Current Resolution

The performance of the CCC in terms of sensitivity and noise depends strongly
on the flux transformer (FT), which has to match the SQUID to the overlapping
toroidal shield as well as possible, as shown schematically in Figure 9.6.

Sensitivity of the CCC
The sensitivity of the CCC, SCCC, is defined as the variation of the supercurrent I
circulating on the surface of the overlapping tube which creates a magnetic flux
variation USQ of one U0 across the SQUID ring. In ampereturn/U0

SCCC = |¶USQ/¶I |–1 = |¶I/¶Iin |/Mi (9.6)

where Mi is the mutual inductance of the SQUID loop and input coil and Iin is
the circulating current in the flux transformer. Applying conservation of magnetic
flux to the superconducting flux transformer, assuming zero initial flux, UFT =
(Lp + Li)Iin + MI = 0, gives

SCCC = (Lp + Li) /MMi, (9.7)

where Lp is the inductance of the pickup coil, Li is the input inductance of the
SQUID and M is the mutual inductance between the overlapping toroidal tube
and the pickup coil. It is easy to show that the sensitivity reaches the optimal value

SoptCCC = (2/k) (Li/LCCC)
1/2/Mi (9.8)

where LCCC is the inductance of the overlapping toroidal tube, for a number of
turns of the pickup coil

Nopt = (Li/lp)1/2 . (9.9)

Here k is the coupling constant between the pickup coil and the overlapping
shield (M = k(LpLCCC)1/2 ) and lp is the inductance corresponding to a single turn
of the pickup coil (Lp = N2lp).

104

Fig. 9.6 Basic flux transformer (FT) circuit.
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In practice, the overall CCC and SQUID5) system is surrounded by (at least) one
external superconducting shield to obtain an environmental magnetic field weak
enough and essentially very stable. Consequently the inductive coupling between
this external shield and both the overlapping shield and the pickup coil has to be
taken into account to calculate Nopt and SoptCCC and Eq. (9.9) is no longer valid

6).
Several numerical methods have been proposed in the literature to calculate

SCCC of type I CCCs and good agreement has been generally found between calcu-
lated and measured values [29–31]. From the method proposed by SesM and co-
workers analytical formulae for SCCC can be derived, provided some realistic con-
ditions are fulfilled [32,33]. This method, based on a finite element calculation,
takes into account not only the influence of the external shield but also the mirror
effect of the overlapping toroidal shield on the pickup coil. The perpendicular
magnetic field induced by the coil on the wall of the shield is cancelled by the
superconducting material, like an image coil which generates an opposite mag-
netic field. This effect results in an effective inductance Lp¢ and a mutual induc-
tance M given by the relations:

Lp¢= (1 – k¢) Lp + kN2 L¢CCC, (9.10)

M = kNL¢CCC , (9.11)

provided k¢, the coupling constant between the pickup coil and its image, is close
to 1 [32]. Here k is a coupling parameter between the pickup coil and the overlap-
ping toroidal shield characterized by an effective inductance L¢CCC. In the ideal
case where k¢=1, the optimal number of turns Nopt and the optimal sensitivity
SoptCCC are given by

Nopt = (Li/L¢CCC)1/2 (9.12)

and

SoptCCC = (2/k) (Li/L¢CCC)1/2/Mi = (2/k) Nopt/Mi . (9.13)

In practice, Eq. (9.12) combined with the calculated value of the effective induc-
tance L¢CCC provide a good estimate to the designer of the number of turns re-
quired on the pickup coil. Note that, for Eqs. (9.12) and (9.13) to be valid, Li has to
be larger than L¢CCC which is often the case.
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5) In general, the SQUID itself is inserted
inside a superconducting shield (typically a
Nb can) as shown in Figure 9.3.

6) If the SQUID is mounted very close to the
overlapping tube, the influence of the super-

conducting shield of the SQUID on the cal-
culation of SCCC would also have to be taken
into account: an example is a Nb can which
largely occupies the central zone of the torus
(Figure 9.4).
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Current Resolution
The most relevant characteristic of the CCC is its current resolution dI in terms of
A/Hz1/2 and is defined as the square root of the power spectral density of current
noise referred to the CCC input, or equivalently as the minimum measurable
supercurrent circulating per Hz1/2 in the overlapping tube of the CCC. The com-
plete expression for dI is given by the relation

dI = [4kBT/Rin + 8e/N1
2k2L¢CCC + (SUext/N1L¢CCC)2]1/2 (9.14)

where N1 is the number of turns of the primary winding of the CCC. The first
term corresponds to the Johnson noise of the input resistor at temperature T. The
second term is the contribution of the SQUID with an energy resolution e when
the optimal sensitivity of the CCC is reached. The third term comes from the
external magnetic flux noise with a power spectral density SUext [34]. This last
term becomes negligible with careful shielding as described below. The dominant
noise arises from one of the two first terms, depending on the CCC application.
When a CCC is used for comparing resistance standards (Section 9.3.3), the John-
son noise they deliver cannot be avoided and consequently the number of turns of
the primary winding is increased to a limiting value (typically around 2000) above
which the noise contribution of the SQUID becomes negligible. For low current
measurements (Section 9.3.4), where high input resistances are involved, only the
SQUID noise contributes.
The current resolution of a CCC fitted with a high-permeability toroidal core is

given by a relation which slightly differs from Eq. (9.14), in which L¢CCC will be
replaced by another effective inductance including the permeability of the ferro-
magnetic core. The power spectral density of the current noise of the core itself,
(dIC)2, obviously has to be added.

Some Details on Design
From the reported results of various calculations and measurements of the effec-
tive inductances, L¢CCC and L¢p, and of the sensitivity and current resolution a pre-
liminary design for a type I CCC can be made as follows [29–37].
The overlapping toroidal shield has to be designed with a mean radius a as high

as possible and a section h S w (see Figure 9.7) as small as possible since a max-
imum inductance is required. These requirements are evident from the relation
below, which gives LCCC without taking into account the surrounding external
shield

LCCC = l0a[ln(8a/r) – 2] (9.15)

where r = (wh/p)1/2 is the radius of a circular section whose area is equal to that of
the rectangular section of the toroidal shield (Figure 9.7). In fact, this relation has
been found to be in good agreement, to within a few per cent, of the value found
by numerical calculations of the distribution of the current circulating on the sur-
face of the overlapping shield [36].
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However, these two parameters are fixed by the experimental constraints, the
section h S w by the total number of turns of the winding and the mean radius a
by the radius of the external shield, which is itself limited by the size of the cryo-
stat neck.
By considering the system as a magnetic circuit and introducing the relevant

reluctances, SesM et al. have proposed a simple rule to optimize to a good approx-
imation the size of the overlapping shield with respect to the external shield [37].
They find that LCCC is maximized when the internal area Aint (= pb2) enclosed by
the torus is equal to the external area between the torus and the external shield
Aext (= pR2shield – p(b + w)2), as illustrated in Figure 9.8. This result follows from
the equality of the reluctances ´1 = h/(l0Aint) and ´2 = h/(l0Aext), with Aint + Aext
kept constant.

The optimal value of the mean radius of the toroidal shield is given by

aopt = [(R2shield – w2/2)/2]1/2 . (9.16)

It is noteworthy that the mean radius a could be made larger if the axis of the
toroidal shield is made perpendicular to the external shield axis.
The pickup coil has to be wound as close as possible to the inner or outer sur-

face of the overlapping shield (d/a << 1, see Figure 9.7) and the turns have to be
suitably spaced, as described below. The coupling between the overlapping shield
and the pickup coil is indeed much improved by minimizing the coupling of each
turn to the rest of the turns, each turn being coupled only to its own image [32].
Several possibilities have been proposed: individually shielding the turns by
means of superconducting sheath, placing the wire inside a superconducting tube
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Fig. 9.7 Parameters of a toroidal shield and pickup
coil for a type I CCC.
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Fig. 9.8 Effect of external shield on type I CCC.
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or using a wide tape instead of a wire [33]. Another way is to use a SQUID with an
input inductance Li = L¢CCC, equivalent to that of a single-turn pickup coil. A per-
fect matching has thus been achieved by connecting the input coil of the SQUID
directly to the overlapping shield as shown on Figure 9.9 [38].
For a good current resolution the SQUID has to be chosen with high energy

resolution, but without a severe restriction on the input inductance (provided that
Li ‡ L¢CCC) since this inductance has no influence on dI.
Good current resolution strongly depends on the screening of environmental

magnetic fields by additional external shields. The shields are used more for
obtaining high stability of the residual magnetic field rather than for reducing
the latter down to a non measurable level. The condition to be fulfilled is S1=2Uext

< 10–4 U0/Hz1/2, given the typical values e = 10–31 J/Hz (in the white noise regime)
and L¢CCC = 10 nH in Eq. (9.14). In terms of magnetic flux density, the condition
becomes SBext1/2 < 0.3 fT/Hz1/2 for a typical CCC with a 20-mm inner diameter.
Here, SUext and SBext are the spectral densities of the external magnetic flux and
field noise. Consequently, the total attenuation required for screening a parasitic
magnetic field like that of the Earth’s (|BEarth| » 50 lT ) should exceed 220 dB. This
value can then be considered as an upper limit value for obtaining a highly stable
magnetic environment.

9.3.2.2 Exactness of the CCC Current Ratio

Uncertainty of the Winding Ratio
A high accuracy of current ratio measurement is reached when the superconduct-
ing tube covering the windings overlaps itself over a length l large enough to mini-
mize the flux Ul leaking through the gap of the overlap. This leakage flux carries
the information on the position of the windings. Theoretical error values of the
order of one part in 1010 or less have been reported for both types of CCC [39].
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Fig. 9.9 Overlapping toroidal shield
used as a pickup coil.
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The relationship below, which is a simplified form of the relation proposed by
SeppT for a type I CCC, gives the maximum error in terms of magnetic flux:

Ul/U = [d exp(–l/r)] [a ln(a/r)]–1 (9.17)

where U is the total magnetic flux, d is the gap thickness, r is the equivalent radius
of the tube (r = (wh/p)1/2 with the same notations as in Figure 9.7) and a is the
mean radius of the torus [40].
For a one-turn overlap of the shield (l = 2pa), with typical values a = 15 mm, r =

3 mm and maximum value d = 1 mm, the error is around 10–16, smaller than the
least measurable values which have been reported to be 10–11.
Note that a possible error on the winding ratio could exist due to the natural

imperfection of the ends of each winding, which may form kinks. In practice, this
error is nulled first by twisting the output wires and then, in the case of a type I
CCC, by inserting the output wires in the superconducting coaxial tubes forming
a chimney, such as that shown in Figure 9.4, for example. The resulting magnetic
flux due to the winding ends is indeed strongly screened by the superconducting
tube, the efficiency increasing as a function of the height/diameter ratio of the
tube.
In practice, a CCC is generally made of a series of windings with numbers of

turns in an arithmetic progression and two identical windings (for instance 15,
15, 30, 60, 120,…). This enables one to test the efficiency of the superconducting
toroidal shield by a self-calibration of the ratio 1:1. A current passing through two
windings with the same number of turns connected in series–opposition can
induce an ampere-turn imbalance, which gives the ratio error [41]. Superconduct-
ing wires are generally used for the CCC windings in order to make static leakage
currents negligible and to reduce to a few ohms the resistance of links between
current sources and resistances to be compared.

Frequency Effect
Most of the measurements involving CCCs are carried out at ultralow frequencies
between 10mHz and 0.5 Hz with the expectation that the results will not be
altered by any frequency effect. A few measurements carried out at frequencies
from 1 Hz to 10 kHz produced interesting results and enable one to establish an
upper limit on the error in the current ratio and to reduce it. According to Groh-
mann et al., the error sources arise from various capacitances inside the CCC
(shunting capacitance between the leads, stray capacitance between ground and
leads, shunting capacitances between the turns of the winding and stray capaci-
tance between ground and winding) [42]. They may partly cancel each other out
due to opposite signs. For example, consider two windings shown schematically
in Figure 9.10. The true value of the current crossing the winding labelled 1 is
given by

I1T = I1 – I1¢ + I2† , (9.18)
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where I1¢ denotes the leakage oscillating current crossing the shunt capacitance of
the winding and I2† corresponds to the oscillating current leaking through the
capacitance between the two windings. It seems possible to cancel the errors, at
least partly, by means of coaxial windings for type II CCCs or by placing a supple-
mentary capacitor in parallel to the winding or between one of the winding term-
inals and the ground for type I CCCs [43]. The type II geometry is the most suited
for ac applications of CCC. Errors reduced to one part in 108 at 10 kHz have been
reported [39].
For a type I CCC, a simple approximate expression for the error on the current

ratio I1/I2 can be given, in terms of the self-inductance of the windings L1 and L2
and their mutual inductance M = k (L1L2)1/2 with a coupling factor k

d(I1/I2)/(I1/I2) = (1–k)L1Cx2 (9.19)

for the case of large ratio I1/I2 >> 1 (i.e. L1 >> L2). Here C denotes the leakage ca-
pacitance (shunt or stray) and x is the frequency [44]. The term (1–k) L1 can be
deduced from the measurement of the emf across winding 1 induced by an alter-
nating current passing through it. The measurement of the capacitance between
winding 1 on one side and winding 2 and ground on the other leads to an approx-
imate value of C. Another possible way to estimate the ratio error is via the deter-
mination of the lowest resonance frequency of the CCC fres given by

d(I1/I2)/(I1/I2) = (1–k)(f/fres)2 . (9.20)

We have assumed that each winding combined with its leakage capacitance
behaves as an LC tank circuit, where the lowest resonance frequency is fres »
1/2pL1C (if L1 >> L2 ). The resonant peaks can easily be observed on the current
(or flux) noise spectrum recorded at the system output [35, 45–47].

Finite Open Loop Feedback Gain
An uncertainty in the value of the current ratio measured by the CCC arises from
the finite open loop gain of the SQUID operating in a flux-locked loop mode. The
error in current ratio can be easily deduced from the simplified block diagram
shown in Figure 9.11. Currents I1 and I2 applied to the CCC through its (primary)
winding of N1 turns and (secondary) winding of N2 turns respectively, induce a
magnetic flux difference dU = U1 – U2 at the SQUID. The loop gain of the CCC,
GL, which corresponds to the ratio U1/dU » U2/dU, is given by

GL = N2GElectronicsVU/RfSCCC (9.21)
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Fig. 9.10 Schematic of two windings with leakage currents
crossing the shunt capacitances C1 and C3.
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where GElectronics is the gain of the feedback electronics (see Chapter 4), VU is the
optimized transfer coefficient of the SQUID and Rf is the feedback resistance.
First, consider the case of current I2 only delivered by the SQUID feedback elec-

tronics. The error in current ratio is simply equal to the reverse of the loop gain,

I2 = If = (N1/N2)I1(1–1/GL). (9.22)

Typically, GL reaches 100 dB at a frequency of 10 mHz for a bandwidth of 1 kHz
(in dynamic mode, GL(f ) 	 fcut–off/f ), and so induces an error of one part in 105.
Second, consider the case of current IS delivered by a secondary current source
which is servo-controlled by the primary source in such a way that IS/I1 is prelimi-
narily adjusted: IS/I1 = N1/N2(1 – x). The sum of currents circulating through the
secondary winding is thus given by

I2 = (N1/N2)I1(1 – x /GL). (9.23)

The error x /GL becomes insignificant if x < 10–5, an adjustment value not so
difficult to achieve. The error decreases if N2 increases but the stability margin
decreases as well.

9.3.3
Resistance Ratio Measurement

9.3.3.1 Introductory

The resistance bridges currently used in NMIs to calibrate material resistance
standards (wire-wound resistors) against quantum Hall resistance standards
(QHRS) are based on the type I CCC and generally this CCC is coupled to a com-
mercial rf or dc SQUID. Precise resistance ratio measurement is made possible
via the current ratio measurement made with a very high accuracy. The CCC pre-
sents two advantages compared to the conventional direct current comparators,
commercially available and operating with ferromagnetic cores:
. The resolution ismarkedly improved, by a factor of 100 at least. For a
CCC, the square root of the noise power spectral density in terms of
ampereturns is typically between 10–9 and 10–10 ampereturn/Hz1/2

in thewhite noise region, or of the order of 100 fA/Hz1/2 for the larg-
est windings. This lownoise level ismainly due to the SQUIDused
asmagnetic flux detector.
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Fig. 9.11 CCC block diagram.
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. The uncertainty in current ratio does not exceed one part in 109

(more often than not, it is reduced down to one part in 1010) com-
pared to a few parts in 108 with a ferromagnetic-core-based direct
current comparator7) operating at room temperature.

With such properties, the CCC allows one to demonstrate the universality of the
von Klitzing constant RK (corresponding to h/e2) derived from the QHE through
the relation RH (i) = RK / i where RH is the quantum Hall resistance and i is an
integer corresponding to the Hall quantum plateau number (see [49, 50] and refer-
ences therein). Under some experimental conditions and following specific tech-
nical guidelines [51], the independence of RK on QHE device characteristics (type,
materials, channel width, contacts), the number i and experimental parameters
(temperature, measuring current, magnetic field) has been demonstrated at levels
down to a few parts in 1010 [52, 53].
Moreover, on-site bilateral comparisons of complete QHE systems carried out

between the Bureau International des Poids et Mesures (BIPM) and some NMIs
during the past decades [54–58] or more recent comparisons via 1 X or 100 X tra-
velling standards have shown excellent agreement of a few parts in 109 [59, 60].
These results, which have to be ascribed to the use of CCC bridges in such com-
parisons, strongly support the universality of RK

8).
Typically, the secondary resistance standards which are calibrated against

QHRS have nominal values of 1X and 10 kX. They are used as reference stan-
dards for routine calibration purposes. Their values are rather far from that of
RK/4 and RK/2 (around 6453X and 12 906X, respectively) quantum values which
are the most often used with single QHE devices. Consequently, their calibration
against QHRS has to be carried out in several steps. In contrast, for example, to
the method involving resistance build-up networks, the CCC bridge described
below makes the calibration process of these secondary standards more simple,
restricted to only two steps, by means of transfer standards such as 100X and
1 kX resistance standards.
Note that some NMIs have developed specific CCC bridges to cover a more

extended measurement range, up to 100MX via a direct comparison with QHR
[47, 62], and even up to 1GX [63]9).
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7) In the best case, measurement uncertainties
of the order of one part in 109 have been
reported with a non-commercial room-tem-
perature current comparator working at 1 Hz
[48].

8) That confirms the validity of the interna-
tional recommendation in 1988 for the use
of the quantum Hall resistance as the pri-
mary resistance standard, too. As for the ac
Josephson effect (see footnote 1), CIPM has
defined the von Klitzing constant RK as an
estimate of h/e2 and for calibration purposes
has assigned to it one single value RK-90 =

25 812.807 X [61]. Note that the uncertainty
on RK presently given by the CIPM is 1 part
in 107 in terms of SI units.

9) With the same aim of scaling the resistance
in terms of RK over a wide range, quantum
Hall array resistance standards (QHARS)
with nominal quantum values from 100 X
to 1.29 MX (50 RK) are currently developed.
The arrays are composed of a large number
of single Hall bars connected in series or in
parallel with multiple links (see for instance
[64, 65] and references therein).
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9.3.3.2 Resistance Bridge Based on Type I CCC
The CCC is connected to a double constant current source which feeds resistors of
resistances R1 and R2 to be compared, with primary and secondary currents I1 and
I2 respectively, as shown in Figure 9.12. Here, the secondary current source is
slaved on the primary current source in such a way that the current ratio can be
reliably adjusted allowing the SQUID to be properly and accurately flux locked, as
discussed in Section 9.3.2.2 [41, 49].
In the ideal case, the operation should consist of setting the current ratio to

equal the voltage drops across the resistances, i.e., to null the voltage drop through
a detector connected to the low voltage terminals of the resistances: R1I1 = R2I2.
Consequently the resistance ratio R1/R2 will be equal to the winding ratio N1/N2.
In real cases, a fraction e of the current I2 has to be diverted to an auxiliary winding

of Na number of turns to balance the bridge both in voltage and in ampereturns:

N1I1 – N2 I2 + e NaI2 = 0, (9.24)

R1I1 – R2I2 = 0. (9.25)

Elimination of the currents from these two relations gives the resistance ratio:

R1
R2

¼ N1

N2
1þ Na

N2
e

� �
. (9.26)

In the bridge illustrated in Figure 9.12, the deviation e is obtained by recording
the output voltages of the null detector which correspond to the two positions of
the resistive divider e– = e – x where x is typically of the order of one part in 107.
Thus e is given by

e = (e–V+ – e+V–)/(V+ – V–), (9.27)

where the voltages V+ and V– of opposite signs correspond to e+ and e– respectively
[49]. This deviation e can also be obtained by using an amplifier at the output of
the detector which generates a current through the auxiliary winding and a resis-
tor placed in series. The value of e is thus deduced by measuring the voltage drop
across the resistor [66]. The advantage of this second method is the ability to auto-
mate the bridge fully.
Either way, the voltages are measured by periodically reversing the current

polarity in order to compensate for the unwanted thermal electromotive forces.
The typical working frequency is of the order of 0.1 Hz or less and might be in the
range where the SQUID generates 1/f noise. This flicker noise may be avoided by
operating the bridge at 1 Hz [44]. However, the current ratio has to be preadjusted
both in phase and out of phase and the CCC needs a supplementary winding.
Moreover, the dependence of the resistance standard on frequency has to be
known. As previously mentioned, working frequencies higher than 1 Hz might
induce significant error ( > 10–9) in the current ratio due to finite capacitive leak-
age and shunt between the CCC windings.
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9.3.3.3 Some Remarks on Construction
The CCC has to be composed of a series of windings allowing any kind of current
ratios, 1, 2, 4,…, 100 and particularly the ratios 64.532 and 129.064 used for mea-
suring resistance ratios RH(i)/100 X with i= 4 or 2. In the case of RH(i= 2)/100 X,
the numbers of turns N1 and N2 are usually equal to 1936 or 2065 and 15 or 16,
respectively, so that the winding ratio does not deviate by more than 2 S 10–5 from
the ratio of the nominal values of resistances (12 906.4035:100). Moreover, the
choice of N1 values of around 2000 is well suited to reduce the SQUID noise to a
level less than the Johnson noise of the resistances to be compared.
To take full advantage of the high performance of the CCC, great care has to be

taken in the construction of the bridge. For example, the bridge must have low
leakage currents and good insulation between the primary and secondary circuits.
The current ratio will be precisely preadjusted taking into account the finite open
loop gain of the SQUID. The potentiometer must be calibrated and the nonlinear-
ity of the nanovoltmeter used as null detector has to be measured. It is strongly
recommended that the complete bridge has a unique ground point. Optocoupler
isolation amplifiers are commonly used, for instance at the external feedback out-
put of the SQUID electronics and at the output of the null detector. The IEEE
transmission line through which the computer monitors the bridge and acquires
data is an optical fiber.
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Fig. 9.12 Circuit diagram for a CCC-based resistance bridge.
The toroidal shield of the CCC is symbolized by a two-turn
spiral. The three dots indicate the input of coils for applying
currents, which induce magnetic fields of the same polarity.
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9.3.4
Measurements of Very Low Currents from SET Sources

9.3.4.1 Introduction

By extending the concept of the sensitive current detector as proposed by Harvey
in his original paper, one can use the CCC as a low-current amplifier with two
characteristics never reached by any conventional device [20]. As shown below, the
CCC may exhibit a current resolution around 1 fA/Hz1/2 or less over the white
noise frequency range. This excellent resolution is mainly due to the low noise
properties of the SQUID. The second extraordinary feature of this cryogenic
amplifier is the exactness of the current gain. The metrological needs of such a
CCC emerged in the 1990s when the first SET current sources, electron turnstile
[67] and electron pump [68], were demonstrated and exhibited quantization of the
current they deliver. These SET devices allow control of elementary charge trans-
fer at the rate of a clock signal [69]. The amplitude of the delivered current is sim-
ply given by the product of the elementary charge e and frequency f. Its value is
rather low, of the order of 1 pA or, at best, less than 1 nA for more recent SET
devices based on surface acoustic waves (SAW) [70]. Therefore, measurement of
this current with metrological accuracy, for example within an uncertainty of one
part in 106, requires a highly accurate amplifier and the CCC is the most appropri-
ate instrument. The development of a CCC-based current amplifier has been
greatly stimulated by the demonstration of a SET-based quantum current standard
(especially for subnanoampere range). The motivation is above all to close the
quantum metrological triangle (QMT) (Figure 9.13) which experimentally consists
of applying Ohm’s law V = RI directly to the voltage, resistance and current
related to the ac JE, QHE and SET respectively, as first proposed by Likharev and
Zorin, noting that voltage and current are both in terms of a frequency, a physical
quantity which is measured with the highest accuracy nowadays [71]. Another
experimental way for the closure of the QMT consists of following Q = CV from
the realization of a quantum capacitance standard from SETdevices without, how-
ever, involving a SQUID [72, 73].
The aim of the QMT experiments is to check the consistency of the constants

involved in the three quantum phenomena which are strongly believed to provide
the free space values of h/e2, 2e/h and e. In practice, the experiments determine
the dimensionless product RKKJQX, expected to be equal to 2, where the constant
QX is defined as an estimate of the elementary charge, QX = e|SET, by analogy to
the definitions of Josephson and von Klitzing constants, KJ = 2e/h |JE and RK =
h/e2 |QHE [74, 75]. Checking the equality RKKJQX = 2 with an uncertainty of one
part in 108 will be a relevant test of the validity of the three theories.
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The principle of the QMTexperiment in following Ohm’s law rests on the direct
comparison of the voltage VJ delivered by a Josephson junction array (JJA) biased
on the n-th Shapiro step to the Hall voltage VH of a QHE sample operating on the
i-th plateau and fed with a current I1 generated by a SET current source

10). The
current I1 is amplified by a factor GCCC, the gain of the CCC. From this voltage
comparison one finds

VJ = RH(i)GCCCI . (9.28)

Taking into account the relationships given by acJE, QHE and SET and using the
same notation as in [74], RK = h/e2 (1 + r), KJ = 2e/h (1 + k) and QX = e (1 + q), one
finds that Eq. (9.28) becomes

s = (n/2)(i/GCCC)(fJ/fSET) (9.29)

where s = r +q + k to first order, and fJ and fSET are the irradiation and operation
frequencies of the JJA and SET devices, respectively. Measurement of the residual
term s will give information on the level of consistency of the three quantum phe-
nomena.
An experimental set-up for testing the QMT is sketched in Figure 9.14. The cur-

rent amplifier is composed of a type I CCC of high winding ratio, GCCC = N1/N2, a
dc SQUID with low white noise level and low corner frequency fc, and a secondary
current source, servo-controlled by the SQUID in such a way that the latter works
at null magnetic flux [74]. In order to minimize the contribution from 1/f flicker
noise, the polarity of the current to be amplified is periodically reversed. The Hall
voltage is simultaneously compared to the voltage of a programmable Josephson
junction array voltage standard (JAVS), well suited here because of the low voltage
level and the requirement of periodic reversal of polarity [77]. The null detector
will be balanced by adjusting the operating frequency of the SET source, fSET. This
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Fig. 9.13 Quantum metrological triangle. Theory pre-
dicts that RK, KJ and QX correspond to the fundamental
constants h/e2, 2e/h and e.

10) Another approach consists of balancing the
current delivered by the SETdevice against
the current applied to a cryogenic resistor of
high resistance (100 MX) by a Josephson
voltage. The current is detected by a CCC

operating as a SQUID ammeter, the primary
winding being the input coil coupled to the
SQUID via a flux transformer [76]. Then the
same CCC is used for calibrating directly the
100 MX resistance with the QHRS [47].
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frequency and the irradiation frequency of the JJA are both referred to a 10 MHz
rubidium clock.
The great challenge of this experiment is to reduce the “random” uncertainties11)

to the lowest possible level, one part in 106 or maybe less, taking into account the
current of a few picoamps delivered by the electron pumps which are at present
assumed to be the most accurate current sources. Indeed, Keller et al. have dem-
onstrated that single electrons can be pumped very accurately, i.e., with an uncer-
tainty of one part in 108, at frequencies of a few megahertz [78].
The QMT has been succesfully closed within an uncertainty of one part in 106

at the National Institute of Standards and Technology (NIST) by constructing an
electron counting capacitance standard (ECCS) [72]. This method consists of
charging with an electron pump a cryogenic capacitor of known capacitance cali-
brated in terms of RK from a QHRs. The voltage drop across the capacitance is
controlled with a Josephson array voltage standard. The uncertainty of one part in
106 is mainly due to the calibration of a conventional commercial bridge used for
measuring the capacitance ratio between the cryogenic capacitor and a room tem-
perature capacitor. In the near future, the uncertainty on the closure of the QMT
by this method could be reduced down to one part in 107. We note that develop-
ments of ECCSs are in progress at other NMIs (METAS, NPL, PTB)12).
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Fig. 9.14 Basic circuit for closing the quantum metrological triangle.

11) The largest uncertainties in the instruments
used (uncertainties related here to errors
coming from systematic effects) are
estimated to be of the order of one part
in 108, and depend weakly on current level.
They arise from the finite open loop

feedback gain and from leakage
currents.

12) METAS (Metrologie und Akreditierung
Schweiz) and PTB (Physicalisch Technische
Bundesanstalt) are the NMIs of Switzerland
and Germany, respectively.
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9.3.4.2 Design and Performance of the CCC as an Ultra-Low-Current Amplifier
The first way to amplify currents as low as a few picoamps with good accuracy is a
CCC with very high winding ratio and with a large inner radius to maximize its
inductance. In his pioneering work, Hartland developed a 109 999:1 ratio CCC
with an overall diameter of 160 mm leading to a theoretical current resolution
dI = 80 aA/Hz1/2 [79]. However, this CCC has never operated properly. One sug-
gested problem is the effect of instability of the helium bath temperature. Another
problem might be due to self-resonance. Actually, a compromise on the size of the
CCC and on the number of turns of its windings has to be found. The larger these
two parameters are, the better the current resolution, but the stronger the influ-
ence of external magnetic fields and the lower the self-resonance frequency. The
problem relating to the magnetic field is not insurmountable. It can be solved by
enhancing the efficiency of the shielding system. For example, the CCC can be
enclosed inside two concentric superconducting shields, the inner shield of nio-
bium and the outer shield of lead, the overall system being located in a closed fer-
romagnetic cylinder. The theoretical attenuation of such a shielding system is
210 dB [34].
However, the self-resonance problem is difficult to overcome, especially when it

occurs at low frequency, in the bandwidth of the SQUID. For the CCCs of high
winding ratio reported below, self-resonances have been observed at frequencies
down to a few kilohertz due to the large inductance of the primary winding (of the
order of 1 to 10 H) combined with stray or shunt capacitance (about 100 pF to
1 nF) [35, 45–47]. This has to be compared with the self- resonance frequencies
higher than 30 kHz observed for CCCs of small number of turns (2000 turns at
most), such as those used for resistance measurements. A solution to damp the
resonating LC oscillations consists of providing the CCC with a resistive primary
winding, for example of phosphor-bronze wire [47].
Subsequently, several operating CCCs have been developed. Two of them are

coupled to a commercial dc SQUID. One is a 40 960:1 ratio CCC with an overall
diameter of 64 mm; a current resolution of dI = 800 aA/Hz1/2 has been measured
as the white noise floor. The 1/f noise occurs at the corner frequency fc = 0.3 Hz
[80].
The other is a 20 000:2 ratio CCC with a smaller diameter, 46 mm. It achieves a

current resolution of dI = 4 fA/Hz1/2 in the white noise domain and a corner
frequency fc » 0.5 Hz [34]. The ability to measure currents from 1 pA to a few
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femtoamps with a Type A uncertainty13) of 50 aA (one standard deviation estimate)
over a one hour period has been demonstrated with this CCC [35].
A 45 000:1 ratio CCC coupled to a commercial dc SQUID is still in development

at the Laboratoire National de MMtrologie et d’Essais (LNE) [82]. With an overall
diameter of 114 mm, its current resolution is expected to reach dI » 100 aA/Hz1/2
at 1 Hz [83].
This CCC is placed in a temperature-stabilized enclosure at 1.5 K. This enclo-

sure is attached to the bottom part of the dilution refrigerator allowing direct
access to the SET device. A more compact CCC will be easier to use at very low
temperature, for example by placing it inside a dilution unit very close to the SET
device. Based on this idea and the proposal of SeppT et al. for a thin-film CCC [84],
a CCC with windings based on microlithographic superconducting paths of 2 lm
width and spaced by the same width is being investigated at LNE.
A fourth CCC is directly and optimally coupled to a home-made low noise dc

SQUID [45,46]. This CCC is provided with a 30 000:1 winding ratio and its overall
diameter is 100 mm. The current resolution corresponds to a white noise floor at
about dI = 2.1 fA/Hz1/2 over a frequency range down to a surprisingly low corner
frequency, fc = 0.1 Hz.
A second approach to developing a large-gain CCC while designing it with a

small size, as suggested by SesM et al., is to use a strip-wound ferromagnetic core
which increases the inductance of the overlapping tube and maximizes its cou-
pling to the pickup coil [85]. Unlike several earlier reports that the sensitivity of a
ferromagnetic core-based CCC is limited by the SQUID’s sensitivity, the authors
demonstrated that the sensitivity can be preserved or enhanced by introducing a
pickup coil with fractional turn loops. However, the dominant 1/f noise due to the
ferromagnetic core remains too large (the best material currently used is an amor-
phous CoNiFe alloy) so that there are no realistic chances for improvement.

9.3.4.3 Measurements of SET Current Sources
A few laboratories have been able to carry out measurements of current delivered
by SET devices directly by means of a CCC. For instance, the current delivered by
a SETSAW device has been measured at NPL by means of a 40 960:1 ratio CCC
[80]. However, despite the low uncertainties achieved (3 fA for a 1 nA current),
measurements are currently being made using a commercial electrometer, cali-
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13) Following well established guidelines, for
instance the “GUM” [81] which are recom-
mended for properly expressing and esti-
mating the uncertainties of measurements,
there are two categories of statistical meth-
ods for evaluating the uncertainties, classi-
fied as Type A and Type B. Indeed, it is more
suitable to distinguish methods of evalua-
tion rather than uncertainties (by separating
them into “random” and “systematic” uncer-
tainties depending on whether the errors
come from random and systematic effects)

which could lead to ambiguity [82]. The
uncertainty evaluated by a Type A method is
obtained from a probability density deduced
from observed distribution of data. The stan-
dard deviation is given by the root square of
the usual variance calculated on repeated
sets of observations. In contrast to the Type
A uncertainties, the uncertainties evaluated
by a Type B method are obtained from an
assumed probability density based on some
level of confidence that an event occurs.
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brated to 15 fA for the 2 nA range, accurate enough for testing the SETSAW
device.
LNE has reported the first measurements on SET transistors [86] and SET

pumps [87] with a 10 000:1 ratio CCC. For these measurements, the SQUID is
flux-locked by feeding the current to its modulation coil. By means of a simplified
bridge, this internal feedback mode allows one to characterize the SET devices, to
measure the noise properties of the complete system with sufficient signal-to-
noise ratio and, as reported below, to verify the feasibility of operating SET devices
over long periods. In this mode, the gain of the CCC is no longer equal to N1/N2

but much smaller and is given by the relation

GCCC =(Mi/Mf)(k/2)(LCCC/Li)1/2N1. (9.30)

In practice GCCC amounts to 5800 with a primary winding of N1 = 10 000 turns
compared with a 10 000:1 ratio in the usual external feedback mode.
In the first experiments with SET transistors, well-defined Coulomb oscillations

(peaks of 200 fA) have been recorded by voltage biasing the transistor with only
100 nV [83, 86]. For SET pump experiments, flat and extended current steps have
been observed at frequencies even as high as 30 MHz (I = 4.8 pA) [87]. Prelimi-
nary current measurements have been carried out in the electron pumping mode
over periods of 30 minutes to 12 hours. An unexpected excess noise was revealed,
reaching a level of 130 fA/Hz1/2 compared with the CCC noise of 4 fA/Hz1/2 (see
Figure 9.15). This has led to, for instance, Type A uncertainties of around two
parts in 104 for the longest measurement time, 12 hours [83].
We note that SET devices operate at very low temperature (< 100 mK) where the

thermal fluctuation energy of electrons is negligible compared with the Coulomb
energy. In order to prevent any assisted photon tunneling processes [88], it is
strongly recommended that one filters out any microwave radiation coming from
the rest of the system (kept at higher temperature) [83], particularly radiation gen-
erated by the Josephson junctions of the SQUID [87]. This requires specific cables

120

Fig. 9.15 Current noise spectrum of a CCC with an electron
pump connected. The insert shows peaks observed around
10 Hz due to environment mechanical vibrations [87].
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(some are commercially available) and microwave filters described in detail else-
where [86, 89].
The measurement time for low currents has to be particularly long in order to

reduce the random uncertainties. Special attention has to be paid to the nature of
the noise. If the condition of uncorrelated noise is fulfilled, Type A uncertainties
may be estimated by calculating the experimental standard deviation of the mean
of all data [81]. Statistical methods may be helpful, for example Allan variance
analysis, which is widely used in the time and frequency domains and also in the
field of electrical metrology [90, 91].
The fact that a SET pump can operate over a time as long as 12 hours as shown

by these first measurements is very promising [83, 85]. This confirms the stability
time for the background charges (whose change affects the pump accuracy)
reported by Keller et al. [78]. They found a stability time between one hour and a
few tens of hours on a 7-junction pump, which, however, was not connected to an
external circuit (including coil, resistor, filter etc.) contrary to the case in [83, 85].
This stability permits one to expect a reduction of uncertainties down to a few

tens of attoamps with a similar 10 000:1 ratio CCC. In particular, the standard
deviation of the mean given by

r = dI [( fS – fR)/N]1/2, (9.31)

where 2N is the total number of current reversals over this measurement time,
may reach 20 aA, for dI = 4 fA/Hz1/2, a repetition frequency fR of a single measure-
ment (two current reversals) equal to the corner frequency fc = 0.5 Hz and, in the
optimal case, a frequency twice that of the sampling, fS = 1 Hz. Improved CCCs,
combined with new SET devices able to supply quantized current at least ten
times higher than existing SET pumps, should make the closure of the metrologi-
cal triangle feasible with an uncertainty level of few parts in 108.

9.3.5
Type II CCC for Resistance Measurements at Very High Currents

The flexibility of the CCC concept is illustrated by the high measurement accuracy
(achieving a relative uncertainty r < 10–7) of high currents (up to 100 A) in the
calibration of resistors down to values of 100lX [23]. Here, the type II CCC con-
figuration has the advantage over type I that the current-carrying windings may
be positioned further away from the superconducting shield. This is required
since the surface magnetic field of the high-current-carrying wires could be large
enough to exceed the lower critical field Hc1 of the superconducting shield. In
turn this could lead to flux penetration or trapped flux movement, both of which
would lead to errors in the CCC current ratio.
CCCs are normally optimized for sensitivity. However, in this high-current ap-

plication sensitivity to current changes in the windings is not the dominant issue.
Instead, there is a risk that background noise in the high-current source will be
too large to allow stable SQUID operation. The authors, therefore, deliberately
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reduced the SQUID sensitivity by introducing a short loop of superconducting
wire in parallel with the SQUID input.
The dimensions of the CCC are shown in Figure 9.5, where it is indicated how

the current-carrying windings may be relatively simply changed to allow changes
in ratio or of conductor material. Indeed it is easy to wind and rewind over a toroi-
dal shield. For currents up to 1 A superconducting NbTi wire (0.125 mm in diam-
eter) is used whereas for currents up to 100 A six Cu wires are used in parallel,
each with a diameter of 0.6 mm. The hatched region within the superconducting
shield represents the region occupied by the Nb wire pickup coil. The ends of this
coil are taken out through superconducting shields concentric to the SQUID.
The prototype system has a sensitivity of SCCC = 13 S 10–6 ampereturn/U0, with

a current detection level of dI/I = 2 S 10–8/Hz1/2. The limiting accuracy for the cali-
bration of low value resistors is currently determined by the temperature coeffi-
cient of the resistors themselves, which sets a practical limit of r » 4 S 10–7.

9.3.6
CCC for Non-Invasive Sensing of Charged Particle Beams

Another metrological application of the CCC aims at real-time non-invasive mea-
surement of charged particle beams in the range 10 pA–10 mA. Apart from appli-
cations in fields such as high energy accelerators, ion implantation and other
charged particle beam instruments [92] this use is directed in the longer term at a
precision measurement of the Faraday constant F which relates to the SI defini-
tion of the amount of substance and the Avogadro constant N via the relationship

N = F/e. (9.32)

Investigations at NPL [27] into HTS current comparator designs, including a read-
out SQUID also made from HTS material, are aimed at producing a system capa-
ble of good accuracy non-invasive measurement of an ion beam current in the
range 1 lA to 10 mA, such as could be integrated with the isotopically pure Au
ion beam of the type being used for a Faraday constant measurement at PTB [93].
A tube coated with HTS material, inside and out, forms the CCC. A charged parti-
cle beam flows along the axis of the tube and the induced screening currents flow
on the inside and outside surfaces; the outer current generates a magnetic field
which may be sensed by an external SQUID. Again, as in the other CCC applica-
tions, the external field is extremely insensitive to the distribution of the charged
particle beam over the cross-section of the tube. The mechanical inflexibility and
problems with joining currently available HTS materials means that the design of
HTS CCC and readout SQUID are severely constrained: only single-layer systems
are feasible with existing technology. A schematic of the prototype device is shown
in Figure 9.16.
A further important advantage, not apparently demonstrated in conventional

superconductor CCCs, is gained when the tube (which is itself made from an
insulating material) is coated both inside and outside by a continuous supercon-
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ducting film. The outer superconducting layer can then be patterned into a nar-
row bridge structure crossing its median plane, through which a current will flow
equal to the entire beam current (as indicated diagrammatically in Figure 9.16).
This region of high current density can provide greatly improved coupling to a
SQUID detector located near the bridge, so that the sensitivity is no longer limited
by the need to locate the detector at a distance from the beam which is usually
dictated by the tube diameter. The only limits on the dimensions of this bridge
are that, first, the total current flowing through it must not exceed the critical cur-
rent density jc of the superconducting bridge. A second limit arises when the
inductance of the bridge exceeds the inductance of the two-layer superconducting
tube in which case current will tend to flow up the inside surfaces of the compara-
tor tube, rather than through the bridge, thereby reducing the sensitivity. Prelimi-
nary experiments suggests that dI may be as small as 10 pA/Hz1/2 for simple sin-
gle-layer HTS structures.

9.4
Other Current Metrological Applications of SQUIDs

9.4.1
Thermometry Using SQUIDs

9.4.1.1 Introduction

Temperature is an unusual physical parameter in that it is not an extensive quan-
tity. Thermodynamic temperature is defined in terms of two fixed points: the
absolute zero of temperature (0 K) and the triple point of water (defined to be
273.16 K). There exist a number of primary thermometers which are able to sense
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Fig. 9.16 HTS CCC based on YBCO – yttria-stabilized zirconia (YSZ) coated
tube coupled to a SQUID gradiometer. The size of the CCC developed at
NPL is length = 120 mm, inner diameter = 20 mm, outer diameter = 29 mm.
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thermodynamic temperatures, but can usually operate over only a limited range
of temperature. Thus the best known thermodynamic thermometer is the ideal
gas scale. There exists also an International Temperature Scale (ITS-90); it extends
down to 0.65 K and is in close agreement with thermodynamic temperatures
throughout its range. A number of different thermometers and fixed points are
used to realize the scale. SQUIDs may also be used to indicate either thermody-
namic temperatures (through the use of the Josephson effects or magnetic flux
fluctuations, in various manifestations of primary noise thermometry) or very
small temperature changes.

9.4.1.2 Magnetic Susceptibility Measurement for a Secondary Thermometer
There are at least two quite distinct forms of sensitive temperature sensors based
on SQUIDs. The first measures the change of susceptibility v(T) with the temper-
ature of a paramagnetic system coupled to a SQUID, where the Curie–Weiss law
dependence of the susceptibility

v(T) = Cs/(T – Tc) (9.33)

allows very small changes to be detected. Here Cs is a constant dependent on the
paramagnetic system used and Tc is the ordering temperature of the dilute spins.
This system can be used over a relatively wide temperature range. The method
may be extended into the millikelvin temperature range by using very dilute para-
magnetic salts (cerium magnesium nitrate (CMN) or lanthanum-diluted CMN,
for which Tc < 2mK) by means of a SQUID-based mutual inductance bridge.
It has long been recognized that for a system with heat capacity C there is a

Gaussian probability distribution for the mean square temperature fluctuations
given by

DTð Þ2
D E

¼ kBT2=Cs. (9.34)

When this is converted to a power spectral density ST(f ) of temperature fluctua-
tion in unit bandwidth it is transformed to

STðf Þ ¼ 4kBT2=G (9.35)

where now G is the thermal conductance to a heat sink controlled at <T>. This
sets a lower limit on the temperature precision which can be achieved with a sin-
gle measurement within unit bandwidth. Note that the uncertainty scales as T2

and that the thermal link between thermometer and heat bath should be as strong
as possible in order to minimize temperature fluctuations. Readout sensitivity of
such a high-resolution thermometer based on a SQUID is a few pK/Hz1/2, easily
capable of measuring DT for real systems, which is more typically 100 pK/Hz1/2,
so the reality of this practical limit to temperature measurement has been demon-
strated [94].
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9.4.1.3 The SQUID as a Sensor for a Resistance Thermometer
A second method of measuring temperature senses the change in resistance of a
thin film superconductor, which is biased (and maintained by negative feedback)
at the mid-point of its superconducting transition. The SQUID senses the small
change in feedback current which occurs when the temperature of the thin film
changes. Since the width of a metallic-superconductor transition can be much
less than 1 mK, and a change corresponding to a very small fraction of this width
is readily detectable (because of the SQUID’s ability to detect sub femtovolt volt-
age changes), this is an extremely sensitive technique, though of much more lim-
ited temperature range. It is clearly related to the bolometric sensor application
described in Chapter 8.

9.4.1.4 Noise Measurement for a “Primary” Thermometer
Nyquist’s theorem states that the power spectral density of noise voltage SV across
a resistor R at temperature T (in the classical regime) is given by the simple
expression

SV ¼ 4kBTR. (9.36)

In principle, this provides a method to measure temperature based only on a
determination of noise, a simple resistance measurement and knowledge of Boltz-
mann’s constant kB. Thermometers based on this expression have been developed
mainly for high temperature use, but it turns out that the necessary characteriza-
tion of the system bandwidth and gain are too difficult to allow the required milli-
kelvin precision at ambient temperatures. However, in the cryogenic regime the
extreme sensitivity of SQUIDs may be used to good effect. In this case, the low
input impedance of the SQUID means that a more sensitive thermometer may be
developed by using the expression for the current noise spectral density SI asso-
ciated with a resistance R at temperature T

SI = 4kBT/R . (9.37)

Early work by Webb et al. showed that measurements made between 5 mK and
4.2 K agreed within 3% with a magnetic temperature scale derived from the sus-
ceptibility of a dilute paramagnetic material [95]. This thermometer does not pro-
vide a primary thermometric method since the bandwidth of the SQUID and the
flatness of the current gain across the entire bandwidth are required to be known.
Rather, it provides a sensitive cryogenic thermometer which may provide rapid
measurements down to the lowest temperatures. More recent work by Lusher et
al. has further improved on the performance [96].
Kamper and Zimmerman suggested that the subtlety of the Josephson effects

could provide a true SQUID-based primary noise thermometer [97]. A Josephson
junction is shunted by the low resistance R (in the range 1lX to 1mX), forming
a resistive SQUID configuration. The essential feature of their proposal was that
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the thermally generated voltage fluctuations across the resistor could be used to
frequency modulate an oscillating Josephson junction. The observed Lorentzian
lineshape Df of the Josephson oscillation could be accurately measured to provide
a measure of the temperature, assuming that R can be accurately measured. A
simple and fast way to measure the linewidth of the oscillation is to feed the out-
put from the amplifier to a frequency counter capable of measuring the count var-
iance. In this way, the need to characterize accurately the gain and bandwidth of
an amplifier is avoided. In fact the linewidth involves the flux quantum thus:

Df = 4pkBTR/U0
2 . (9.38)

The circuit for such a measurement system is shown schematically in Figure
9.17(a).

This behavior has been accurately verified and compared with other primary
thermometers at NIST and forms the basis of one of two primary thermometers
available for use below 1 K [98]. A second type of noise thermometer based on flux
quantization and superconductivity has also been demonstrated by Lee et al. [99].
This is the so-called quantum-roulette noise thermometer in which the probability
distribution of the quantized fluxon states of a superconducting ring is experi-
mentally established by repeatedly interrupting the superconducting circuit of the
ring and measuring the thermal fluctuation current. A SQUID, magnetically
coupled to the superconducting ring, reads out the flux state of the ring following
each opening and closing of the switch, allowing a histogram of states to be built
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Fig. 9.17 Noise measurement system for a “primary” thermometer.
(a) Schematic of Josephson line width thermometer with rf SQUID
readout. (b) Schematic of probability distribution of Josephson oscillation
frequency at low and high temperatures.
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up. The width of this probability distribution in units of flux quanta allows the
temperature to be deduced [99]. Such a single-entity thermometer requires that
the principle of ergodicity is satisfied, that is, the long-time average over an arbitrary
function of the phase space coordinates is equal to the average of the same func-
tion taken over all possible and equally probable states that the system can go
through. This principle is becoming increasingly significant in a variety of fields
of temperature measurement, especially where the size of the systems is being
reduced towards the nanoscale. When the number of individual entities (such as
atoms or molecules) in the system falls below a length-dependent number, the
definition of temperature itself becomes problematic. As well as providing a
potentially valuable primary noise thermometer using high-temperature super-
conductors, the quantum-roulette noise thermometer provides a test-bed for
investigations of the applicability of this principle of ergodicity.

9.4.2
Radio-Frequency Attenuation with SQUIDs

An rf SQUID pumped (biased) at microwave frequency f presents an impedance
which is a function, periodic in U0, of the instantaneous magnetic flux Ua applied
to the SQUID ring. This property can be used for calibrating attenuators at radio
frequencies.
In the ideal case and for a non hysteretic SQUID, i.e., one characterized by a

small critical current I0 < U0/2pL, operating in the non-adiabatic regime (f >
R/2pL), the output voltage of the SQUID is a perfect sinusoidal function of Ua:

Vout(Ua) = V0 sin(2pUa/U0) . (9.39)

Similarly, the power reflected by the SQUID will also vary as a sinusoid:

P(Ua) = Poffset + P0 sin(2pUa/U0) . (9.40)

Consider now an applied flux Ua(t) = Uacos(2pfat) varying in time at a frequency fa
much less than the pumping frequency (typically fa » f/10), but much greater than
the cut-off frequency of the detection circuit bandwidth. It is easy to show that the
time-averaged reflected power is given by

P = Poffset + P0 J0(2pUa/U0), (9.41)

where J0 is the zeroth-order Bessel function.
As shown in Figure 9.18, the applied flux is created through a mutual induc-

tance by the current I which flows across the attenuator A to be calibrated. The
main part of the reflected power will follow the zeroth-order Bessel function of
this current J0(2pI/I0). The detection and counting of the zero crossings of
J0(2pI/I0) allow one to calculate rf current ratios and thus to calibrate the attenua-
tor accurately. The zero crossings of the Bessel function are detected by supplying
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the SQUID with a low-frequency (1 kHz) signal and by recording the zeros at the
output of a phase-locked amplifier.
Several decades ago, NMIs used such methods to calibrate rf attenuators [100–

103]. The microwave-pumped SQUID typically consisted of an adjustable point
contact mounted in a superconducting waveguide close to its short-circuited end
at a distance of a quarter of a wavelength14). The best results were an uncertainty
of 0.001 dB with a dynamic range of more than 100 dB at frequencies from 0 to
1 GHz. Based on these past experiences with this first generation of microwave
pumped SQUIDs, two possible sources were known to create deviations of the
instantaneous output voltage of the SQUID from a perfect sinusoid, and thus lin-
earity errors in the measured attenuation. The first possibility was the poor quality
of the junction itself, which resulted in an inhomogeneous critical current and,
therefore, caused departures from the Josephson relation linking the supercurrent
to the phase through a perfect sinusoid.
The second cause was the influence of the measurement signal power on the

tunnel resistance of the quasiparticles, i.e., the resistance R of the Josephson junc-
tion described by the RCSJ model. This effect becomes significant at high fre-
quencies [102]. Moreover the routine of attenuation measurement was compro-
mised by unreliability of the junction.
The drawbacks above could be solved today with a better understanding of

SQUID devices and with improved technology for junction and SQUID fabrica-
tion. The use of microwave-pumped SQUIDs15) for improving attenuation mea-
surement with an uncertainty less than 0.001 dB could be reconsidered as an alter-
native to the method presently used, which involves the waveguide beyond cut-off
(WBCO) attenuator as primary standard.
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Fig. 9.18 Basic circuit for rf attenuation measurement with microwave pumped SQUID.

14) Adjustable point contacts (in niobium or
tantalum) were preferably used rather than
microbridges, for which some results
reported significant error in attenuation,
partly due to the bad thermal contact of the
junction with the helium bath.

15) This will probably be limited to LTS SQUIDs
since high-temperature (cuprate) SQUIDs
with grain-boundary junctions have been
shown to exhibit a nonsinusoidal Josephson
relationship [104].
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9.5
Future Trends and Conclusion

This chapter has demonstrated that the best developed and most widely used ap-
plications of SQUIDs to metrology occur in the fields of electrical measurements
(over a range of frequency and scales) and thermometry (at cryogenic tempera-
tures). This may not always remain the case. It has been observed that metrology
(encompassing both precision measurement and standards) provides the earliest
applications of many areas of new physics. Examples of this include not only the
Josephson effects and the QHE but also many non-SQUID-related innovations in
physics such as laser cooling of atoms and the Bose-Einstein condensation. Below
we discuss what the authors regard as potentially important future metrological
applications of SQUIDs.
As SQUIDs allow the uncertainty principle dominated regime to be investi-

gated, the relationship between quantum measurement fundamentals and quan-
tum metrology comes into focus. At the same time the requirement to make pre-
cise measurements at ever smaller length scales initiated a paradigm shift in the
nature of electrical (and other) metrology. Thus, as has been made clear above,
when SET devices are involved the electrical parameter to be measured is no
longer the continuous classical quantity – the electrical current – but rather the
quantized electrical charge. Similarly in weakly superconducting electronic cir-
cuits it is the passage of single flux quanta which represents the basic electrical
measurement not the classical continous variable which is voltage. Metrology
must address the needs of the quantum and nanoscale regimes and SQUIDs are
well placed to enable the transition, as we shall see below.
With the increasing importance of the spin component of electron transport for

future devices (giant and colossal magnetoresistance effects (GMR, CMR), spin
valves, magnetic tunnel junctions, etc.) the capability of the SQUID to detect the
smallest level of spin polarization will require optimization. Here, the require-
ments for SQUIDs are the opposite to those for magnetic field sensing: the
SQUID loop directly senses the spin and its area must be minimized, subject to
optimal coupling to spins.
The most common applications of SQUIDs have involved measurement of

magnetic flux density changes with extreme sensitivity. In such cases, it is impor-
tant to maximize the sensing area of the input coil coupled to the SQUID. In an
increasingly important range of newer applications, relating mainly to spintronics
and quantum computing, the SQUID is used to detect magnetization or magneti-
zation changes in a micrometer- or sub-micrometer-size sample. In these cases a
quite different set of conditions applies [105–107]. There are two major issues
which have to be considered in order to develop further such devices and extend
their applicability to the study of samples of nanoscale dimension. Firstly, achiev-
ing the required sensitivity for the detection of a low number of spins and sec-
ondly, facilitating the deposition of such a small sample within the loop of the
SQUID. This will enable many of the standards applications outlined in previous
sections to be transferred to the nanoscale in future.
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Ultimately, the SQUID may enable single electronic spin flips to be detected,
allowing electronic spin resonance (ESR) and other spin manipulations to be
done on a single spin. (Recently single spin detection has been achieved using a
mechanical magnetic resonance detection device [108] but this technique is rather
specialized and of limited applicability). As well as setting the lower limiting size
of a single magnetic domain storage element, single spins are also regarded as
one of the most promising possible realizations of the qubits on which quantum
computation will depend, if it becomes feasible. In such a single-spin detection
situation the input coil and flux transformer are dispensed with and a “bare”
SQUID is used. Reducing the loop area of the SQUID, which reduces its induc-
tance, can increase the energy resolution of the device to near quantum limit
operation. Furthermore, a device incorporating a SQUID of small loop area is less
sensitive to external magnetic fields, making it an ideal probe of samples situated
within the SQUID loop. In the thermal limit, the energy resolution of a SQUID,
of capacitance C and inductance L, operating at a temperature T is given by [109]

e = 16 kBT(LC)1/2 . (9.42)

The electronic spin resolution is given by

Sn ¼ d

ffiffiffiffiffiffi
SU

p

2plBl0
(9.43)

in units of spins (of moment lB) per �Hz, where SU is the power spectral density
of flux noise, related to the energy resolution by SU = 2eL, and d is the dimension
of the SQUID loop, scaled by a geometry-dependent factor between 1 and 10. In
measurements made on a set of Nb dc SQUID devices ranging from d = 100 lm
down to 3 lm it has been demonstrated that the flux noise resolution exhibits the
expected linear scaling with d. The smallest device has a spin resolution of about
40 spins in a 1 Hz bandwidth limited by noise in the first-stage room temperature
preamplifier. Extension of this scaling to SQUIDs with d » 100 nm should enable
single electronic spin flips to be detected. This work has been extended recently
by Jamet et al. to barely submicrometer SQUIDs (made using long Dayem bridge
Nb Josepshon junctions) to investigate the magnetic anisotropy of nanoscale parti-
cles containing just 103 atoms of Co [110].
The overall aim of the QMT experiments is to verify with a very low uncertainty

the coherency of the deduced values of the constants involved in these three quan-
tum phenomena or, in other words, to confirm that these condensed matter phys-
ics phenomena, in which interparticle interactions are undoubtedly strong, yield
the free space values of constants 2e/h, h/e2 and e. The target uncertainty needs to
be around one part in 108. If there is no deviation, our confidence in the three
phenomena to provide us with 2e/h, h/e2 and e will be considerably enhanced.
Any significant discrepancy will prompt further experimental and theoretical
work. The closure of the QMT, at the required uncertainty of one part in 108 or
less, should be assisted by improvements in SQUIDs, microlithography tech-
niques and new SET devices which could generate accurate currents as high as
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100 pA. Ideas currently under investigation for the implementation of a higher-
frequency-locked current source include improved SETSAW devices [111] and
superconducting Cooper pair pumps as a generalization of a single electron
pump [112].
Very recently, a Cooper pair “sluice” has been proposed. It consists of two meso-

scopic SQUIDs forming between them a superconducting island which is fitted
with a gate [113] (Figure 9.19). The gate provides the possibility of coherent trans-
fer of Cooper pair charges, one at a time, under the influence of an applied rf sig-
nal, with higher accuracy and at higher frequency than has been demonstrated
with electron pumps, turnstiles or SETSAW devices. The closure of the QMT to
enhance our confidence of the acJE, QHE and SET providing the ratios of funda-
mental constants h/e2, 2e/h and e can be viewed as a bridge between microscopic and
macroscopic physics [114]. This bridge is needed to establish a new structure of the
SI units, fully based on fundamental constants. It is not clear when we can expect
this new formulation of the SI to be implemented. However, it can be expected
that SQUIDs will play an important role in these developments.
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Fig. 9.19 Schematic of a Cooper pair sluice. The flow of
Cooper pairs is controlled by varying periodically both the
gate voltage VG applied to the island via a capacitor (CG) and
the magnetic fluxes UR and UL through the SQUID loops. The
superconducting island is shown as a thick gray line.
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