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Abstract

We measure a cryogenic, vacuum-gap capacitor by two methods: (1)
charging it with a known number of electrons and measuring the resulting
voltage, and (2) using a capacitance bridge traceable to the SI farad. We
report a detailed uncertainty budget for the comparison of the two methods
and find that they agree within a relative standard uncertainty of 9.2 x 1077,
This comparison closes the quantum metrology triangle with the same

uncertainty.

1. Introduction

The central principle of the electron counting capacitance
standard (ECCS) is to realize directly the following definition
of capacitance: given a pair of isolated conductors, moving a
charge Q from one to the other creates a potential difference
AU, and the ratio of these quantities is the capacitance,
C = Q/AU. In the ECCS, charge is moved as individual
electrons, thus the value of C is intrinsically given in terms of
the electron charge e. This can be contrasted with the current
realization of the SI farad using the Thompson-Lampard
calculable capacitor [1,2]. In the latter approach, a device
that closely approximates an ideal, infinite geometry yields a
change in capacitance proportional to the displacement of a
grounded guard electrode, with the constant of proportionality
depending only on the electric constant, gy. A calculable
capacitor gives a purely geometrical value of C (hence its
name), while an ECCS depends fundamentally on the fact
that charge is quantized in units of e. The main topic of this
paper is the uncertainty budget for comparing measurements
of the same capacitor using these two different methods. We
also briefly discuss the implications for fundamental electrical

* Official contribution of the National Institute of Standards and Technology;
not subject to copyright in the United States.

3 Current address: Federal Office of Metrology (METAS), Lindenweg 50,
CH-3003 Bern-Wabern, Switzerland.

0026-1394/07/060505+08$30.00 © 2007 BIPM and IOP Publishing Ltd Printed in the UK

standards of comparing a capacitance based on e with the SI
farad.

Although the ECCS is simple in concept, counting
electrons with the accuracy required for metrology is not an
off-the-shelf technology. It requires the use of single-electron
tunnelling (SET) devices, in which the transfer of individual
electrons through tunnel junctions can be precisely controlled
and monitored. These devices involve considerable technical
complexity (at least for current incarnations), including the
need for lithography at scales below 100nm, temperatures
below 0.1 K and sophisticated control of multiple gate signals
with bandwidth of nearly 1GHz. In return, they offer
extraordinary performance: SET pumps can transfer individual
electrons at rates of order 10 MHz with an error per cycle of
order 1072, while SET electrometers can detect a small fraction
of e and can have bandwidth of order 100 MHz. Reviews of
the physics and applications of SET devices, and in particular
detailed descriptions of how SET pumps and electrometers
work, can be found in [3-5].

NIST has been working on components of the ECCS since
the early 1990s. Operation of an initial prototype was reported
in 1999, with a repeatability of order 10~7 but without a full
uncertainty analysis [6]. The raw data considered here include
two sets published in 1999 and a third set obtained using the
same prototype, which we call ECCS-1. The completion of
the uncertainty budget for these data was made possible by
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recent progress on determining the frequency dependence of
the cryogenic capacitor used in the ECCS [7].

2. Including possible corrections to quantum
electrical standards

Comparing an ECCS with the SI farad provides a powerful test
of fundamental electrical metrology. Combined with previous
work linking the calculable capacitor to the quantum Hall
effect [8], it provides a way of closing the quantum metrology
triangle [9, 10]. In this section we show how two possible
corrections for quantum electrical standards enter into the
equations for the ECCS.

The first possible correction involves the possibility that
an SET device might not transfer a charge of exactly e in each
cycle. We can express this by writing the actual transfered
charge after N cycles as

QO = NQs with Qg = e(1 + &g). (1)
While it is generally expected that eg = 0, there has been
surprisingly little theoretical or experimental investigation of
corrections to the SET charge quantum [11].

The second possible correction enters through the
measurement of AU. The value of C = N Qgs/AU found by
counting electrons is not given directly in SI farads because
we do not measure AU in SI volts. Instead, we use a
Josephson voltage standard (JVS) [12] because it is the only
readily available voltage standard with the required relative
uncertainty (< 10~7). A JVS driven at frequency f produces
a voltage

v="
K

. 2e
with Ky = 7(1 + €y), 2)
]

where 7 is an integer describing the step number of the array
and & is the Planck constant. There are strong theoretical
arguments for & = 0 and the universality of the Josephson
effect has been demonstrated at the level of 10~'° or below
[13,14]. However, recent empirical tests based on the data for
various fundamental constants put an upper bound on &j of a
few parts in 107 [11,15]. This value is larger than previously
reported [14] because of inconsistencies in the input data.

The conversion of N Qs/AU to SI farads is straightfor-
ward. As is done routinely in modern electrical metrology, we
use the value of the Josephson constant adopted by interna-
tional agreement in 1990, Ky o9 = 483597.9GHz V! [12].
The adoption of this value effectively established a 1990 volt,
denoted by Vgp, and this is the unit in which our calibrated
voltmeter measures voltage. The relation between the 1990
volt and the SI volt is simply

Voo _ Kjo0 3)
vV K

Using this, and expressing a quantity X as the product of its
numerical value and its unit, X = {X}yY = {X}y'Y’, we can
write

N Qs
AU

_ N Qs _ N Qs _ N QsK; @)
{AUYstV ~ {AU}ooVeo  {AU}eoKj00V'
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Inserting Qg and Kj from equations (1) and (2), we have the
expression in SI farads,

NQs  NQe*/h)
AU {AU}oo K90V

(I +e9)(1 + &), ®)

where e and & have their usual SI values [14].
We now define Cgccs as the value from equation (5)
assuming es = 0 and g5 = 0, i.e.

N(2¢2/h)

{AU}9o K90V ©

Ceccs =
We also define Cy as the value measured directly in terms of
the SI farad using a capacitance bridge traceable to a calculable
capacitor. Setting this equal to equation (5) gives

Co = Cpces(1 +&5)(1 +¢y). (N
Our experiment can then be expressed as a measurement of the

ratio
Co

= +es)(L+e5) ~1+es+ey, (8)
Ckccs

where in the last step we have used the fact that both g and

gy are much less than 1. This is the quantity for which we

calculate an uncertainty budget in this paper.

In the rest of this paper, we explain the operation of the
ECCS in some detail and give a value and uncertainty budget
for the ratio in equation (8). The implications of this result in
light of the current status of the quantum metrology triangle
are the focus of a separate paper [11].

3. Operation of the ECCS

The critical components of the ECCS are shown in figure 1(a).
A7-junction SET pump and an SET electrometer are fabricated
on the same chip. The chip, two cryogenic needle switches (N1
and N2) and a vacuum-gap capacitor (Ceryo ~ 2 pF) [16] are
placed inside a metal box (with a separate enclosure for the
capacitor). The box is connected to the mixing chamber of
a dilution refrigerator and connections to room temperature
are made with coaxial cables. The cryogenic switches
allow multiple circuit configurations. With both switches
closed, we can characterize the pump and electrometer using
current versus voltage, current versus gate voltage and noise
measurements. With N1 open, the small stray capacitance on
chip allows us to determine the pump errors using a shuttle error
measurement [17, 18]. Operation of the ECCS occurs in two
phases, using the circuit configurations of figures 1(a) and ().

3.1. Pumping phase

In the pumping phase, figure 1(a), we close N1 so that charge
transferred by the SET pump goes onto the lower electrode
of Ceryo. We open N2, which connects to a line running to
room temperature, to avoid the large stray capacitance of this
line. During the pumping phase, the voltage across the pump
U, must be kept near zero for two reasons: first, to avoid
transfer errors in the pump [19], and second, to ensure that all
charge transferred through the pump is placed on the desired
capacitor rather than on the 10 pF stray capacitance to ground.

Metrologia, 44 (2007) 505-512
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Figure 1. Schematic diagrams of the ECCS. (a) Configuration for the pumping phase. As charge is transferred through the pump onto Cey,
the feedback (using the electrometer as a null detector) changes U in order to keep the voltage U, fixed near 0. (b) Configuration for the
bridge phase. With the ac voltages u; and u, adjusted to balance the bridge, Ceryo/ Crer = U2/u;.
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Figure 2. Feedback voltage U versus time during the pumping
phase of the ECCS. Expanded views of the plateaux are shown
above and below the main plot. These data are from Run I with
N = 114294785 (= 6000001 ey ).

(This stray capacitance comes mostly from the grounded shell
of Ceryo.) We accomplish this with a feedback circuit using the
SET electrometer as a null detector. Any change in U, results
in a compensating voltage U applied to the upper electrode
of Ceryo, thus keeping the island between the pump and the
electrometer at virtual ground.

We record the feedback signal U using a digital voltmeter
(DVM), and figure 2 shows a typical record of U versus time for
repeated charging and discharging of Cy,. The feedback must
keep the pump voltage near zero at all times: when pumping
starts in either direction, while charging Cey, With N &~ 108
electrons to produce a voltage change AU ~ 10V, and when
pumping stops to allow a measurement of U. Details of how
we accomplish this, and how we verify that we are successful,
are given in the appendix. The analysis of data such as those
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in figure 2, leading to the value for AU used in equation (6),
is described in the next section.

3.2. Bridge phase

In the bridge phase, figure 1(b), we open N1 so that the
SET components are disconnected from Ccy,, and close
N2 to connect C¢y, to a capacitance bridge. We used an
Andeen—Hagerling model 2500A bridge with option E # which
operates at 1000Hz. The coaxial cables connecting the
bridge to Cey, are relatively long (=3 m each side) and have
significant resistance, inductance and capacitance. In addition,
there are 1 GHz low-pass filters at two locations on each cable
(these are also present in the pumping phase and protect the
SET devices from noise). The effect of these non-ideal cables
on the bridge reading is discussed in section 5, but we note here
that exchanging the high and low bridge leads did not affect the
bridge reading. Since the bridge is traceable to the SI farad, the
result of the bridge phase (after applying the loading correction
described below) is Cj.

4. Uncertainties for the pumping phase

4.1. Type A uncertainty

For each data set such as that in figure 2 we determine a value
of AU as follows. We calculate the mean value of U for each
plateau and then compute the voltage change for each ramp
up, AUy, and for each ramp down, AU, (both defined
to be positive quantities). These differences are shown in
figure 3, along with the mean values (AUp) and (AUpeg).
We expect the mean values to be equal, and to the extent that

4 The identification of specific commercial instruments does not imply

endorsement by NIST nor does it imply that the instruments identified are
the best available for a particular purpose.
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Figure 3. Voltage changes for ramping up, AU,s, and for ramping
down, AU,, for the data in figure 2. The lines show the mean
values.

they differ we assign a standard uncertainty due to asymmetry,
[(AUpes) — (AUneg)| = 2aasym5. The final value of AU, for
the ith data set is simply the mean of all n; values of AU
(both positive and negative), and its standard uncertainty is the
combination of o,ym With the standard deviation of the mean
(SDOM). Thus we have

AU; = (AU)y, & (07 /ni + 0 2m)"2, 9)

where o; is the standard deviation of the n; values in the ith
data set. The ith value of capacitance is found by inserting
AU; from equation (9) into equation (6).

A set of capacitance values obtained during an
uninterrupted cooldown constitutes one ‘run’ of the ECCS
(thermal cycling to room temperature changes the value of the
cryogenic capacitor by as much as parts in 10%). The data for
all three runs of ECCS-1 are shown in figure 4. The bar on each
point shows the uncertainty from equation (9), which we use as
the weighting factor in computing the weighted mean for each
run. We assign a Type A uncertainty to this weighted mean
equal to the SDOM of the points in each run (see table 1). The
bridge values for each run are also given in figure 4 for visual
reference; a meaningful comparison requires consideration of
the various Type B uncertainties discussed below.

A careful look at figure 4 reveals a key difference between
the data for Runs I and III and those for Run II. For Run II
only, the scatter for those points with the smallest uncertainty
bars is much larger than one expects if the uncertainty given
in equation (9) truly represents a standard uncertainty. The
measurements in Run II span a period of about 10 days,
whereas those for Runs I and III each span about 1 day. We
believe the larger scatter in Run II is due to small instabilities
in the dimensions of C¢y, that did not happen to occur during
the shorter time span of Runs I and III. We know that Cey, was
not completely stable because on rare occasions we saw the
value jump by large amounts (relative changes of order 107>
to 1074, typically separated by more than a week). Given this,
smaller changes during a period of 10 days are not surprising.
Whatever the cause, the scatter seen in Run II is accounted

5 An asymmetry between ramping up and down can be caused by a small
voltage across the pump. The details of this effect are described in [19].
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Figure 4. Capacitance values for each run of ECCS-1. Uncertainty
bars for each value of Cgccs and for the weighted mean are Type A
only (see text). The bridge values C discussed in section 5 are also
shown, with their Type A uncertainty of 0.01 x 10~ being smaller
than the marker size in the plot.

for in our uncertainty budget by using the SDOM for the final
Type A uncertainty.

4.2. Type B uncertainties

4.2.1.  Voltmeter traceability to JVS. We measured U
using a Hewlett-Packard 3458 A DVM* that was calibrated by
comparing directly with a JVS over the range £10V in 1 V
increments. This calibration has arelative standard uncertainty
of 5 x 1078 and was performed within two weeks of using the
DVM with the ECCS. We recorded the internal temperature of
the DVM to verify that it was near the calibration temperature
and we ran its autocalibration routine daily to mimimize effects
of drifts in internal components.

4.2.2. Leakage of Ceyo. To test whether charge placed on
Ceryo could leak off through an unwanted conduction path,
we charged to U = 10V and then monitored the feedback
voltage for an hour or more. Data from such a test are shown in
figure 5. In this case U moves slowly toward 0, as one expects
for leakage, but we also observed cases where it drifted in
the opposite direction and where it jumped suddenly in either
direction. We believe these data are actually dominated by the
1/f noise of the electrometer, since similar drifts and jumps
were observed near U = 0, but we can nevertheless use them
to put an upper bound on the leakage effect. The dotted line in
figure 5 is a linear fit to the data and has a slope of 6.5nVs~!. A
change of e on Cy, corresponds to achange in U of 90 nV, thus
the dotted line represents a leakage rate of 0.07 e/s. (With 10V
across Ceryo, this implies a leakage resistance of 8.6 x 10 Q.)
If this leakage were to persist during the entire 100 s of a ramp
for N = 2.5 x 108, it would represent a loss of 7e, or a relative
change of 7/(2.5 x 10%) = 3 x 1078, We conservatively assign
this as a relative standard uncertainty for leakage.

Metrologia, 44 (2007) 505-512
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Figure 5. Data for testing leakage of Cy, (see text).

4.2.3. Pump error. The shuttle error [18] of the 7-junction
pump was measured once or twice a day and was typically
1 x 1078

4.2.4. Miscellaneous. In equation (6) we use the 2002
CODATA recommended value of & /e2 = 25812.807 449 2,
which has a relative standard uncertainty of 3.3 x 107° [14].

We have analysed the following effects for the pumping
phase and estimated their uncertainties at well below 1 x 1078:
thermal voltages in the coaxial cables, leakage of the coaxial
cables, finite input impedance of the DVM. We also note that
the very low effective frequency of charging in the pumping
phase (period of order 100 s; see figure 2) means that loading
corrections of the type described below in section 5.2.2 are
negligible for the pumping phase.

5. Uncertainties for the bridge phase

5.1. Type A uncertainty

We used a bridge excitation voltage of 15 Vs and averaged
256 samples to obtain each reading. We averaged 5 to 10
readings to obtain each bridge value, Cpyigge, and the SDOM
was typically 0.02 aF, so we assign a Type A relative standard
uncertainty of 1 x 1078 for the bridge phase.

5.2. Type B uncertainties

5.2.1. Bridge traceability to the SI farad. For our bridge
measuring a value of 1.8 pF and using an excitation of 15 Vs,
the relative standard uncertainty specified by the manufacturer
is 8.2 x 1077.5 Although sufficient characterization of a
particular bridge may allow one to go beyond this specification,
during the operation of ECCS-1 we did not perform such
measurements. We verified that our bridge was operating
within specification by measuring 10 pF and 100 pF capacitors
traceable to NIST’s calcuable capacitor.

6 Operation Manual for Andeen—Hagerling 2500A (with option E), Appendix
C. According to the manufacturer, the expressions for uncertainties given
in this appendix are for a coverage factor of four, i.e. they represent four
times the standard uncertainty. The only significant component for our case
is ‘accuracy’; the uncertainties for linearity, temperature and stability are all
negligible.
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5.2.2. Loading corrections. Changes in the reading of a
capacitance bridge due to properties of the cables between
the bridge and the measured capacitor are collectively known
as loading effects. These effects can be minimized by using
short cables to reduce series resistance and inductance, and by
using current equalizers to avoid poorly defined return current
paths [20]. In our experiment, the cables connecting Ceyo t0
the bridge are less than ideal. They are about 3 m in length in
order to reach the bottom of the cryostat and contain sections
of brass and copper—nickel to provide thermal isolation. This
results in each cable having a distributed resistance of a few
ohms and a distributed inductance of a few microhenries. The
filters shown in figure 1(b) consist of about 1 m of coiled wire
surrounded by a mixture of epoxy and metal powder [21]. They
contribute an additional resistance and inductance similar to
that of the rest of the cable. Furthermore, we did not use current
equalizers on the cables and the return current path included
the grounded body of the cryostat. The result is that loading
effects for our experiment are larger (and less well-understood)
than is typical for precision capacitance measurements.

We quantified the loading effects by measuring Cepy,o
versus bridge frequency f at room temperature’ with multiple
values of extra resistance, inductance and capacitance added
to the cables at the top, middle (T = 4 K) and bottom of the
cryostat. Expressing the measured capacitance as

Chridge = A + Bf?, (10)

we consider the A and B terms separately. We found that
B increased linearly with cable inductance and capacitance,
and was independent of cable resistance, as expected for
inductive voltage division [20]. For the cables without any
added components, B = 1.5 x 107'2pFHz 2, implying a
loading effect on Cpyrigee at f = 1000Hz of 1.5 x 10-° pF.
We therefore applied a loading correction to Cyyigge in order to
obtain the final value for the bridge phase,

1.5 x 107® pF. an

The relative standard uncertainty associated with this
correction is 2.2 x 1077,

We found that A in equation (10) was unaffected by
changes to the bridge High cable. For the Low cable, extra
resistance decreased Cprigee and extra inductance increased
Chridge, although by small amounts in both cases. Since we
do not fully understand the origin of these effects, we do not
attempt to apply a correction for them. Instead, we account
for them with an additional relative standard uncertainty of
2 x 1077 in the budget for the bridge phase.

Co = Curidge —

5.2.3. Cable leakage. ~We have considered cable leakage
in the bridge phase and estimate that it contributes a relative
uncertainty of order 10710,

6. Uncertainties in comparing the two phases

6.1. Frequency dependence of Cyo.

Since the SET pump charges Cyy, at an effective frequency of
order 0.01 Hz, while the bridge uses a sinusoidal excitation

7 For these measurements we used an Andeen—Hagerling model 2700A
variable-frequency bridge. It is very similar in operation to the 2500A and we
expect very similar loading effects.
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at 1000Hz, we must consider whether Ccy, depends on
frequency over this range. It is not possible to measure
Ceryo(f) directly down to 0.01 Hz, primarily because of the
lack of any reference capacitor with a known frequency
dependence in this range but also because of increasing null
detector noise at low frequencies. However, an indirect
approach has recently provided an upper bound for the
change Cy,(1000 Hz) — C¢y0(0.01 Hz) [7]. The observation
that Ceryo(f) measured above 100 Hz decreases rapidly with
decreasing temperature is consistent with a model in which
thin dielectric films on the surfaces of the electrodes are
presumed responsible for the frequency dependence of a
vacuum-gap capacitor. This model, when combined with
surface measurements performed on the copper electrodes of
Ceryo and previous data on properties of various dielectrics at
low temperature, gives a relative standard uncertainty due to
frequency dependence of 2 x 1077, Details of the analysis
leading to this value are given in ref [7].

6.2. Voltage dependence of Ceyo

The attractive force between the electrodes of Ccy, increases
with U, and could cause deformation leading to a dependence
of the value of C¢y, on AU. Since the data in figure 4 include
some values with AU = 10V and some with AU = 22V,
and since the bridge uses a third voltage (15 V), any such
voltage dependence must be accounted for. We varied AU
from 4V to 22V in the pumping phase and saw no change in
Ceryo- These data (which appear in figure 4(c) of [6]) provide an
upper bound on the voltage dependence and allow us to assign
a relative standard uncertainty for this effect of 9 x 1073,

6.3. Motion of N1

The position of the switch N1 changes between the two phases
of operation shown in figure 1, and this could affect the
comparison between the phases. To test this, we measured
Ceryo with the bridge at room temperature and moved the wire
between N1 and Cey, to simulate opening and closing N1. We
saw no change within the noise of the measurement, giving a
relative standard uncertainty for this effect of 1 x 1077,

7. Uncertainty budget

Table 1 summarizes the uncertainty components discussed
above (excluding those below 1 x 107®). It also shows the
combined uncertainty for all Type B sources and the total for
each run.

8. Final result for Cy/Crccs

Figure 6 shows the comparison between Cgccs and Cy for
each run in figure 4, expressed as the deviation from unity,
Co/Cgccs — 1. The uncertainty bars in this plot include all the
uncertainty components listed in table 1. The weighted mean
of these data is

Co

—1=(-0.10+0.92) x 107°,
Crccs

12)

with the final relative standard uncertainty being the
combination of the ‘Type B only’ value in table 1 with
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Table 1. Uncertainty budget for the ECCS. All values are relative
standard uncertainties. The components are combined using the
root-sum-square rule to give the totals at the bottom.

Component Uncertainty/(uF F~1)
Pumping phase
Type A
Run I 0.13
Run II 0.21
Run III 0.19
DVM traceability to JVS 0.05
Leakage of Cepy, 0.03
Pump error 0.01
Bridge phase
Type A 0.01
Bridge traceability to SI farad 0.82
Inductive loading correction 0.22

Other loading effects 0.2

Comparison between phases
Frequency dependence of Cry, 0.2

Voltage dependence of Ceryo 0.09
Motion of N1 0.1
Total (root-sum-square)
Type B only 0.91
Run I 0.92
Run IT 0.93
Run III 0.93
1.5
10+ —
‘TO
z 05 [ [ [ —
| 00
3
& -05+ \ -
)
O 40| -
-1.5

Figure 6. Solid circles: comparison between Cgccs and Cy for each
run shown in figure 4. Open circle: weighted mean.

the SDOM of the three data points. This result, showing
no significant difference between Cgccs and Cp, has two
implications. First, from equation (8) we see that it puts an
upper bound on possible corrections to the SET and Josephson
effects, i.e. on the sum &g + &, of 0.9 x 107°.  Second,
the established link between the calculable capacitor and the
quantum Hall resistance with an uncertainty of a few parts
in 10® [8] means that it also closes the quantum metrology
triangle with an uncertainty of 0.9 x 107°. Understanding
the implications of this for quantum electrical standards
requires an examination of the current status of each of
the individual ‘legs’ of the triangle; this discussion can be
found in [11].

9. Conclusion

With the uncertainty budget reported here, the first comparison
of a capacitance based on counting electrons with the SI farad
is complete. Table 1 shows that the uncertainty is dominated by
the traceability of the bridge, and we have recently performed
measurements that should allow this component to be reduced

Metrologia, 44 (2007) 505-512
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to 1 or 2 parts in 107. There are several components at about
2 parts in 107, and we believe they can each be reduced by
a factor of 2 with modest effort. Finally, we are building a
second generation of the ECCS that we expect will yield a Type
A uncertainty for the pumping phase below 1 x 1077, Given
all this, we expect the ECCS can achieve a total uncertainty
of about 3 x 10~7. With further experience, and more effort
on the frequency dependence of Cyy,, it may eventually be
possible to reduce the total uncertainty to 1 x 10~ or below.
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Appendix A. Setup procedure for feedback in the
pumping phase

The key to successful operation of the ECCS is keeping the
voltage across the SET pump, U, close enough to zero that
pump errors are negligible. For our 7-junction SET pumps,
analysis of shuttle error data shows that the error per cycle
does not change significantly for [U,| < 20 uV (cf figure 7(b)
of [22]). Based on simulations of pump errors described
in figure 4 of [19], we have developed a sequence of steps
designed to establish U, = 0, activate (lock) the feedback
circuit without disturbing U,, and finally test whether this
condition is preserved after the feedback is locked. When
the system passes this test the ECCS generally operates well.

(1) With the feedback disabled (and its output forced to zero
by an internal switch), start the pump in the shuttle mode
(pumping one electron back and forth repeatedly at a
rate of order 1 MHz) and monitor the electrometer signal
until it is stable. We cannot directly measure U, in the
configuration of figure 1(a), but we expect it to settle at
the point where errors for forward and reverse pumping
are equal, which is close to U, = 0 for pumps with fairly
uniform junctions [19].

(2) Adjust the electrometer signal using the offset voltage
U, so that the input to the feedback is precisely nulled.
This ensures that U will not jump when the feedback
is locked. Such a jump could shift U, away from the
condition established in step 1. Further details about the
effect of Uy can be found in [19].

(3) Stop the shuttle pumping and lock the feedback. The
output U will now reflect the electrometer noise but it
should not jump or drift monotonically in either direction.

(4) To test whether U, remains near zero after the feedback
has locked, we resume shuttle pumping. If U, has moved
significantly away from zero, the errors for forward and
reverse pumping will no longer be equal. As the errors
attempt to move U, towards 0, the feedback will change
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U to compensate, resulting in a roughly linear drift in
U with time. If such a drift is seen, we return to
step 1.

(5) Stop shuttle pumping, configure the pump drive
electronics to pump in one direction, and start pumping.
Stop pumping when U reaches the desired starting voltage
for operation of the ECCS, typically —5V or —10 V.

(6) Repeat step 4 to confirm that U, remains near zero.

(7) Configure the pump drive electronics to alternate between
pumping N of order 108 electrons in either direction, with
a wait period of order 10s between directions, and start
pumping. This will generate a U versus time trace similar
to that in figure 2.

(8) When enough cycles of U versus time have been recorded,
stop the pump during one of the wait periods. Step 4 can
then be repeated to verify that Uj, is still near zero.

The limit on how long the feedback can keep U, near zero is
set by background charge fluctuations in the electrometer. If
a defect in the substrate moves and changes the electrometer
island charge, the feedback will respond as if U, had changed,
thus shifting U, away from the desired condition. Such a shift
causes pump errors in one direction to increase [19], which
results in a sudden increase in the asymmetry of (AUp)
and (AU,e). Operation of the ECCS must be stopped and
the setup procedure described here performed again. For
the prototype ECCS-1 discussed here, this effect limited
continuous operation to approximately 1 h.
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