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Abstract. This review covers various aspects of the single-electron tunneling
pumps based on Al junctions studied at NIST over the past 15 years. The
operation of a pump is described, and some important error mechanisms are
summarized, which allows for a sketch of the basic pump parameters required
for metrological accuracy. Fabrication of pumps, filtering of leads in the cryostat,
and the electronics used to drive the pump are described next. The shuttle er-
ror technique that allows measurement of very rare errors is then described, and
some outstanding questions about limitations of pumps based on Al junctions are
mentioned. A detailed algorithm for cancelling the cross capacitance in a pump
is described in an appendix.

1 Introduction

The transfer of individual electrons controlled by an external signal was first demonstrated
by Pothier et al. in 1991 in a single-electron tunneling (SET) pump with 3 aluminum junc-
tions [1]. The current produced by this device was within 1 part in 103 of the nominal value
I = ef , where e is the elementary charge and f is the pumping frequency. Similar pumps with
5 junctions [2] and 7 junctions [3] were made at NIST and shown to have an error per cycle
of about 5 parts in 106 and 1 part in 108, respectively. In these devices, each electron transfer
event could be monitored by a nearby SET transistor, thus the pumped electrons could liter-
ally be “counted”. The 7-junction pump was good enough for use in fundamental metrology,
in particular for a standard of capacitance based on counting electrons [4]. Such a standard
was first demonstrated in 1998 [5], and a full uncertainty budget has recently been completed
[6]. Rather than pushing for lower error rates, efforts over the last 10 years have focused on (1)
understanding the large discrepancy between theory and experiment for the error rate [7–10],
(2) quantifying the limitations on pump performance when it is used for a capacitance standard
[11], and (3) simplifying pump operation by achieving the same error rate with fewer junctions
[12,13]. In addition, several other types of devices that can produce a current by transfer-
ring individual electrons (or Cooper pairs in the superconducting state) have been explored. A
broad (but somewhat dated) review of these approaches can be found in [14]. See the article
by Kemppinen et al. in this book [15] for recent references and a detailed discussion of a new
scheme of this type. In general, these approaches promise much larger current than is possible
with an SET pump but have yet to demonstrate the accuracy needed for metrology.
This article begins with a review of SET pump operation and error mechanisms, and then

discusses several practical aspects of using SET pumps. The aim is to give the reader a sense
for the main challenges in implementing an SET pump in a metrology experiment and to
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Fig. 1. A 7-junction SET pump. The center part is a scanning force microscope image of an actual
device. (There is an extra gate structure at each end to ensure that proximity effects during lithography
are the same for all junctions.) External connections are drawn for the case when the pump is used to
place a known number of electrons on an external capacitance C. When the pump is used as a current
source, the capacitance is usually replaced by an ammeter that fixes Vp ≈ 0.

describe various limitations on pump performance that have been measured. Although some of
this material appeared in a previous paper [16], experts will find several new details about the
NIST pumps.

2 Review of conventional SET pump

The SET pump consists of a chain of µm-sized metal islands separated by nanoscale tunnel
junctions, with a gate electrode coupled capacitively to each island. Figure 1 shows a composite
view of the pump itself and the external gate sources. (Cross capacitance between neighboring
gates is ignored for the moment; it is considered in detail in section 5.) A sequence of gate voltage
pulses that transfers an electron through a 4-junction pump is shown in figure 2. Tunneling at
a given junction is allowed for a time tj during which the corresponding gate is biased above
the threshold CgVg = e/2. One can think of the gate sources as creating a positive charge
polarization that moves along the chain of junctions and induces a single electron to follow it.
Additional electrons are excluded by the Coulomb repulsion energy, which is of order e2/(2Ctot),
where Ctot is the total capacitance of one island. The direction of electron transfer is determined
simply by the order in which the gates are pulsed.
The schematic energy diagram in figure 3 illustrates three error mechanisms that can inter-

fere with the desired transfer of a single electron in one cycle of the pump. The short horizontal
lines are the electrostatic energy of the system as a function of the location of one extra electron
in the pump, and they are drawn for a point during the pumping cycle where the first island is
biased to allow tunneling across the first junction. (Similar diagrams for an entire cycle can be
found in figure 3 of [11].) The desired process at this point in the cycle is tunneling from island
0 to island 1, and one can identify three unwanted processes that will result in an error:

1. Switching errors (failure to tunnel). Once the threshold for tunneling is passed, the proba-
bility that the electron has not tunneled decreases according to a Poisson distribution with
a characteristic time of order RjCj, where Rj is the junction resistance and Cj is the junction
capacitance. This process, which is represented by a dashed arrow in figure 3, leads to an
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Fig. 2. Schematic plot of gate voltage pulses that transfer one electron through a 4-junction pump.
Solid line is gate 1, long dashed line is gate 2, short dashed line is gate 3, and the traces are offset
vertically for clarity. Tunneling is allowed at each junction during a time tj.

Fig. 3. Schematic plot of electrostatic energy (short gray lines) vs. position of one extra electron in a
7-junction pump. The different arrows correspond to the three error mechanisms discussed in the text.

error per cycle given by
εsw ∝ exp(−tj/RjCj). (1)

2. Thermally activated tunneling. As represented by the series of short arrows leading from
island to island in figure 3, an electron can tunnel from the far end of the pump over the
barrier ∆E in a series of 6 sequential events. This causes an error per cycle of

εth ∝ exp(−∆E/kT ), (2)

where k is the Boltzmann constant and T is the temperature.
3. Cotunneling. The long solid arrow in figure 3 represents simultaneous tunneling through
6 junctions. This process, in which the intermediate states are occupied only virtually, is
known as cotunneling [17]. It causes an error per cycle of

εct ∝
(
RK

Rj

)N−1(
δE

∆E

)2N−1
, (3)

where N is the number of junctions in the pump, RK is the von Klitzing constant h/e
2, and

δE is the energy range of available final states.
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The expressions above are for simplified cases, but they illustrate the dependence of each error
mechanism on key parameters of the pump (more accurate expressions are given in [18]). One
can use these to quickly sketch the requirements for a pump that has a given error rate. For
these estimates I assume the total error per cycle must be less than 10−8, so I require that each
individual error rate be ∼ 10−9.
1. To reach εth = 10

−9 requires ∆E/kT ≈ 20. ∆E is simply the charging energy of a capacitor,
e2/2C, so the effective capacitance C should be as small as possible. For Al junctions using
the fabrication technique described in section 3, the minimum C is about 0.2 fF. This implies
a maximum ∆E/k of about 5K, which means T must be less than about 25mK. This
immediately explains why conventional SET pumps used for metrology require electron-
beam lithography and dilution refrigerator temperatures.

2. In the expression for εsw, Cj is set by lithography at 0.2 fF, and Rj must satisfy the condition
common to all SET devices, Rj � h/e2 ≈ 26 kΩ [19]. Taking Rj = 100 kΩ gives RjCj =
0.02 ns. Since εsw = 10

−9 requires tj/RjCj ≈ 20, tj must be greater than about 0.4 ns. A
complete transfer cycle takes a time Ntj, and taking N = 5 (see next item) this time is
about 2 ns. Thus the maximum current the pump can deliver without significant switching
errors (from failure to tunnel during the time tj) is about e/(2 ns) = 80 pA.

3. Cotunneling errors set a limit on the number of junctions. For the parameters already
estimated and the pulse sequence illustrated in figure 2 (which determines δE) this implies
N ≥ 5 [18].

In practice, SET pump errors do not agree quantitatively with the simple expressions given
above [8,10]. However, the conclusion that counting electrons with metrological accuracy
requires (1) several junctions of a size near the limits of electron-beam lithography, (2) temper-
atures below 0.1K, and (3) obeying a speed limit corresponding to a current of order 10 pA, is
generally valid for pumps based on Al junctions.

3 Fabricating an SET pump

The nanoscale Al tunnel junctions required by an SET pump can be fabricated using a common
process involving evaporation of Al at two angles, with oxidation between layers, followed by
liftoff [20]. One dimension of the junction is defined by the overlap between the two layers, and
this can be controlled by adjusting the angle between the two evaporations. The current NIST
recipe involves a fused quartz substrate and a bilayer resist that allows independent optimization
of the develop step for the imaging and undercut layers [21]. The insulating substrate requires
that the resist be coated with a thin conducting layer to prevent charging of the chip during
exposure with a 30 kV electron beam. A 10 nm layer of Al, deposited by electron-gun evaporation
and stripped in a solution of NaOH before the develop step, accomplishes this with little change
to the required dose.
Chips with developed resist are placed in a vacuum chamber with an electron-gun evapora-

tion source and a continuously tiltable stage. At NIST a new chamber dedicated to two-angle
Al junctions has been used since early 2007, and the step where Al was evaporated with the
shutter closed in the presence of O2 [16] is no longer part of the recipe. There is less rapid aging
than was seen in the old chamber when this step was not included. The first Al layer is evap-
orated at an angle of about 10◦ from normal, then the chip is oxidized in ≈ 26Pa (200mtorr)
of O2 for ≈ 600 s, the O2 is pumped away, and the second Al layer is evaporated at an angle of
about −10◦. After liftoff, the completed chip is measured at a probe station with precautions
against static discharge including grounding of the operator, a battery-powered multimeter,
and a resistance of 1MΩ in series with the device during measurement.
Scanning electron microscope images of completed devices are shown in figure 4. Because of

the insulating substrate, the devices were coated with 10 nm of AuPd before imaging. Photos
of the central region of a completed chip are shown in figure 5. The chip shown here includes
an integrated SET transistor and a contact for a cryogenic needle switch, which are used to
measure pump errors as described in section 6.
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Fig. 4. Scanning electron microscope images of (a) a 7-junction SET pump and (b) an SET transistor
with interdigitated gate having a capacitance of about 0.8 fF.

Fig. 5. Photographs of the center region of a chip containing an SET pump and transistor, as well
as a landing pad for a cryogenic needle switch. Light areas are metal and dark areas are the quartz
substrate. The scratches on the landing pad are caused by a probe station tip, not the needle switch.

Although none of the individual steps in this process is particularly difficult, the need to
make several junctions with good uniformity, and the susceptiblity of the devices to static
damage (among other failure mechanisms), make SET pump fabrication rather challenging.
When the NIST process is working well, about 20% of exposed chips are worth testing at low
temperature.
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4 Creating a safe environment for an SET pump

Tunneling rates in SET devices depend not only on the parameters of the junction itself,
but also on the electromagnetic environment surrounding the junction [19]. The theory of
this effect can be used to calculate the characteristics that the environment must have to
enable a pump with known parameters to achieve a specified error rate, as explained in detail
in [22,23]. These calculations show that the electrical leads to the pump, which necessarily
extend to room temperature and thus carry at least the electromagnetic noise of a 300K black-
body, must be extremely well filtered. For a typical SET pump, the filters must provide an
attenuation ∼100 dB, starting at f ∼1GHz and extending to f ∼6THz (kT/h for T ∼300K).
Filters made from discrete components invariably have geometrical resonances somewhere in
this range [24]; thus a variety of filter designs with distributed lossy elements have been devel-
oped. The current state of the art, which includes quantitative comparisons with simulations
and filters with a characteristic impedance of 50Ω, is described in [25,26] and in the article by
D.C. Glattli in this book.
The NIST experiments currently use a modified commercial filter, developed by

D.R. Schmidt and S. Allman, at both 4K and the device temperature.The starting compo-
nent is a Mini-Circuits VLFX-650 [27] 3-section low-pass filter with SMA connectors. A hole is
milled in the casing of each section and a mixture of copper power (≈ 10 µm spheres) and epoxy
is poured into the hole. Each filter gives about 50 dB of attenuation above 2GHz. These filters
provide moderate attenuation without distorting the pulses used to drive the pump gates, some-
thing that is not always achievable with filters having a coil of wire in a tube filled with powder
and epoxy. For filters used below 0.1K, it is important to note that stainless steel powder is
not a good choice because of an anomaly in its specific heat that causes slow thermalization at
these temperatures [28].
In addition to filtering the leads, the pump should be placed in an rf-shielded box so that 4K

blackbody radiation from the vacuum can surrounding the box does not reach the pump. An
area inside the box can be coated with the powder and epoxy mixture to damp any radiation
that enters despite the shielding and filtering.

5 Operating an SET pump

The electronics that drive the gates of the pump must provide both a dc bias and a pulse
for each gate. In order that the voltage from each channel of the electronics can be treated
as corresponding to a charge polarization on a single island of the pump, the effects of cross
capacitance in the pump must be cancelled. The situation is illustrated in figure 6. For a voltage
Vn that is intended to polarize only island n of the pump, some adjustable fraction V

′ = −βVn
must be applied to each neighboring island to cancel the polarization due to cross capacitance.
Furthermore, it is convenient to use one common pulse amplitude for all gates, but the gate
structures in figure 1 are not all identical due to imperfect lithography, so an adjustable gain
on the direct coupling is needed as well. Full cancellation for an arbitrary set of voltages {Vn}
requires a circuit like that shown in figure 6 for each of the M = N − 1 channels. Thus the
electronics must implement an M -by-M matrix transformation between {Vn} and {V ′n}.
All pumps measured at NIST to date have been operated using custom electronics, designed

primarily by J.M. Martinis, that have 6 channels and perform the cross capacitance cancellation
using a set of 36 potentiometers. The most recent incarnation uses commercial sources for the dc
biases so that these may be controlled by software, has a serial interface so that the parameters
for pulses of various heights can be stored and loaded from software, allows pumping to be
started and stopped with an external trigger, and has fiber optic outputs that can be used to
control the feedback circuit used in NIST’s electron counting capacitance standard.
The main limitation of NIST’s current electronics is the fact that they can generate only one

type of waveform, the triangle pulses shown in figure 2. A pair of commercial 4-channel DAC
boards with an update rate of 300MHz and appropriate synchronization features has recently
been programmed for pump operation by J.A. Aumentado. This will allow arbitrary waveforms
for driving the pump and a software implementation of cross capacitance cancellation.
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Fig. 6. Schematic of cross capacitance cancellation for island n in a pump with M = N − 1 gates.
Capacitors in solid lines represent the direct capacitances of the gate structures in figure 1. Capacitors
in dotted lines represent cross capacitances, which are shown only for nearest neighbors but are typically
significant for other islands as well. For a signal intended to polarize only island n, there areM variable
gains β, positive for the direct channel and negative for the cross channels, that can be adjusted to cancel
the polarizations induced on neighboring islands. When the cross capacitance is properly cancelled, a
voltage Vn is transformed into a set of M voltages {V ′n} that affects only island n.

Given a chip with a working SET pump, cooled in a cryostat with good filtering and con-
nected to the electronics just described, there are two adjustments needed to count electrons
with metrological accuracy.

1. Cross capacitance cancellation matrix. This adjustment relies on the fact that the current-
voltage curve of the pump is fundamentally periodic in the polarization charge on any
island. Thus when the matrix is properly adjusted, sweeping a single Vn produces a periodic
modulation, as shown in figure 7b. A detailed algorithm for adjusting the cross capacitance
matrix is given in the Appendix. This process is needed only once for each device, because
the cross capacitances are determined by the on-chip geometry and do not change with
thermal cycling.

2. dc bias on each gate. Background charges in the vicinity of the junctions and islands create
random island polarizations that fluctuate in time, and the dc biases must be adjusted so
that the net island polarization in the absence of a pulse is much less than e. This can be
done by measuring the error rate (as described in section 6) as a function of each dc bias.
A given bias is swept in one direction to a threshold where the error rate increases noticeably
(typically the threshold is fairly abrupt), then swept in the opposite direction until the error
again increases; then the mean of the two thresholds is taken as the optimal setting for that
gate. Manual adjustment of all 6 gates for a 7-junction pump, with the errors displayed on
an oscilloscope, takes about 10 minutes. Starting from random values of the dc biases, two or
three iterations are needed to converge on the optimal settings, after which the repeatability
of the adjustment is about ±0.05e on each island. This process must be repeated whenever
any of the background charges changes by more than about 0.1e. For the NIST 7-junction
pumps, this typically occurs a few times a day immediately after cooldown and about once
a day after the device has been cold for a few days.

Automated adjustment of both the cross capacitance and the dc biases is desirable if SET pumps
are to be used outside a purely research environment. Limited experience at NIST indicates
that these tasks can be automated, but doing them more quickly than can be done manually
will likely require faster error measurements than can be obtained with a conventional SET
transistor. Integrating an rf-SET transistor [29] with a pump is a promising approach, although
it is not yet known whether this will affect the error rate of the pump.
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Fig. 7. Pump voltage Vp vs. Vg3 at constant current bias. (a) Without cross capacitance cancellation.
(b) With cross capacitance cancellation properly adjusted.

6 Measuring SET pump errors

An absolute measurement of the current produced by an SET pump can be done with com-
mercial instruments at an uncertainty ∼10−4 [13,30]. Reaching uncertainties below 10−6 for a
direct measurement of a current ∼1 pA is a significant challenge, and for most research groups
it would be as difficult as making and operating the pump itself. Fortunately, there is another
way to measure how often errors occur in a pump. Known as a shuttle error measurement, it
involves pumping individual electrons onto an island external to the pump and detecting them
with an SET transistor, as illustrated in figure 8. The circuit includes a needle switch that can
be opened and closed at low temperature. Photographs of the chip and the needle switch are
shown in figure 9.

Fig. 8. Circuit for shuttle error measurement of an SET pump. An SET transistor is fabricated on the
same chip as the pump, coupled by a relatively large capacitance of about 1 fF (this is the interdigitated
structure shown in figure 4b). The island between the pump and transistor serves as the contact pad
for a cryogenic needle switch (see figure 5) and contributes a capacitance to ground of about 20 fF.

When the needle switch is closed, one can measure the current-voltage curve of the pump,
tune the cross capacitance as described in section 5, and measure the noise and gain of the
transistor. When the switch is open, the transistor can easily detect individual electrons trans-
fered by the pump, as shown in figure 10. The bandwidth of the conventional SET transistor is
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Fig. 9. Photographs of components for the shuttle error measurement. (Top) Top view of chip mounted
on a header that is held down by a square brass ring. The header plugs into sockets mounted in a
printed circuit board, and traces connect the sockets to coaxial connectors on the bottom of the box
(not visible). The two square posts near the lower edge are where the needle switch attaches to the
sample box. (Bottom) Side view of needle switch.

Fig. 10. SET transistor signal, converted into pump voltage Vp, vs. time during slow shuttle pumping
of 1, 2, 3, and 4 electrons.

only ∼103Hz [29], so measuring every cycle and looking for mistakes that occur less than once
every 106 cycles is not practical. However, if the pump is operated in the ±e shuttle mode at
∼106Hz, then perfect pumping produces a constant transistor signal, while errors that occur
at ∼102Hz or slower appear as random jumps in the transistor signal. A typical shuttle error
measurement is shown in figure 11. The leakage rate when pulses are not sent to the gates can
also be measured with this technique [3].
Since the SET transistor response is periodic and the gain varies with the operating point,

it is usually advantageous to operate in feedback to keep the transistor at its point of maximum
sensitivity. This is done by using a simple integrator circuit that sends a signal to an auxiliary
gate lead near the transistor (not shown in the schematic of figure 8, nor in the SEM images of
figure 4b). A description of such a feedback scheme is given in [31].

7 Open questions

For SET pumps based on Al junctions, the dependence of the error and leakage rate on various
parameters such as T , tj, and Vp has been measured and compared with theory in several papers
already cited. I will not review these studies in detail, but I will point out some areas ripe for
further investigation.
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Fig. 11. Vp vs. time during shuttle pumping of ±e at 2.5MHz for the 7-junction pump used in [11].
There are 32 errors in 410 s, giving an error per cycle of 3.1× 10−8.

1. Identifying the error mechanism. Comparison of theory and experiment for a 7-junction
pump showed that the error and leakage rate were both orders of magnitude higher than
predicted by theory [7,8]. The most obvious thing missing from the theory is photon-assisted
tunneling. Adding this effect with a 1/f photon spectrum extending to microwave frequen-
cies allows one to obtain good agreement with experiment, for a level of 1/f noise that is
consistent with that measured in SET transistors at audio frequencies [10]. However, the
physical source of the photons is an important open question, and the hypothesis that they
come from the relaxation of charged defects [10] has not been tested. One approach would
be to search for a correlation between the level of transistor noise and the error or leakage
rate in a co-fabricated pump. This requires a method for controlling the transistor noise,
something that has not yet been demonstrated.

2. Reducing errors by optimizing the gate pulses. The signals used to drive the gates of the
pump determine a trajectory in the M -dimensional space defined by the gate charges. The
only signals used to date are sine waves (circular trajectory for M = 2) and triangle
waves (triangular trajectory for M = 2). Many more trajectories can be explored with
the modern DAC cards mentioned in section 5, in particular those for which the signal is
not the same for all gates. Numerical simulations of a 7-junction pump with triangle gate
pulses indicate that errors are dominated by a specific part of the pumping cycle [10], which
gives some guidance as to which trajectories are likely to improve performance. Another
approach would be to calculate error rates for many points in the M -dimensional space and
then design trajectories that pass quickly through regions where errors are most likely. The
waveform described in [32] may also provide useful insight, even though it was not opti-
mized for pumps with photon-assisted tunneling and cannot be implemented in its idealized
step-like form.

3. Maximizing the current. All metrological applications of electron counting would benefit
from higher current, so the motivation for improvements in this area is high. A true opti-
mization of an Al junction pump for speed has not been attempted, and modest improve-
ments may be possible by reducing the junction resistance while keeping the capacitance
constant. The error measured in 7-junction pumps increases well before the speed predicted
by the switching error mechanism described in section 2 (even for a more sophisticated
model including heating due to pumping [10]), so the mechanism that limits pumping speed
is still unknown.

8 Conclusion

While pumps based on Al junctions have demonstrated electron counting with metrological
accuracy, they are not yet ready to join Josephson voltage standards, quantum Hall resistance
standards and cryogenic current comparators as widely adopted items in the modern toolbox
of fundamental electrical metrology. In terms of ease of fabrication, ease of operation, and
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understanding of basic limitations they lag behind even more specialized tools such as ac/dc
resistors, quadrature bridges, and calculable capacitors. However, a current based on e remains
crucial to fundamental tests such as the quantum metrology triangle [33,34] and related exper-
iments [35], so various national measurement institutes will continue to develop SET devices
of various types for the foreseeable future. It seems likely that one or more of the various ap-
proaches to a counted-electron current will eventually demonstrate metrological accuracy for
currents much larger than 10 pA. This would enable quantum metrology triangle experiments
to reach the uncertainties required to test the exactness of the Josephson voltage standard [36].
If these devices are also relatively easy to fabricate and convenient to use, they could open up
new applications such as improved calibrations of currents below ∼1nA.

The contributions of the following colleagues to NIST’s research on SET pumps are warmly acknowl-
edged: Joe Aumentado, Mark Covington, Ali Eichenberger, Xavier Jehl, Dick Kautz, John Martinis,
and Neil Zimmerman.

A Adjustment of cross capacitance cancellation

The following algorithm is used with the NIST custom electronics where all adjustments are
performed manually, and where the pulses and dc biases are generated by circuits that are
separate from the circuit that does the M -by-M matrix transformation. A similar algorithm
can be used with the DAC cards where one circuit generates both pulses and dc biases, and
the matrix transformation is implemented in software.

1. The pump is biased with a constant current and the pump voltage Vp is sent to the Y channel
of an oscilloscope. (Biasing with a constant voltage and measuring the pump current works
as well.) Recall the fundamental property of the pump current-voltage curve: it is periodic in
the charge on any island, and thus changing any island charge (or any set of island charges)
by an integer multiple of e will leave the current-voltage curve unchanged.

2. The pots of the Cross Capacitance Cancellation circuit can, in principle, be initialized so
that the circuit performs an identity transformation, i.e., no cancellation of cross capaci-
tance. However, the tuning process converges more quickly if the initial settings correspond
approximately to the cancellation required by the pump geometry.

3. The Cross Capacitance Cancellation circuit has two sets of inputs, one for pulses and one
for dc biases, that are summed together before going through the matrix transformation.
Disconnect the pulse and dc bias circuits from both sets of inputs.

4. Connect one set of inputs to a single function generator so that all gates can be swept
together by a voltage Vg,all, and send this voltage to the X channel of the ’scope. Set the
sweep frequency to about 10Hz. Adjust the sweep amplitude (and, if necessary, the pump
bias current) so that the ’scope displays four or five quasi-periodic features, somewhat similar
to those in the upper plot in figure 7. The idea here is to sweep over a significant part of
the M -dimensional gate space so that the validity of the cross capacitance cancellation is
not restricted to only a small part of this space.

5. Connect the other set of inputs to the outputs of the Cross Capacitance Tuner circuit. The
tuner circuit generates a square wave that switches between 0 and Vsq at fsq ≈ 100Ḣz, and
it applies an (inverted) adjustable fraction of this square wave to each gate. The idea is
that if (a) the cancellation circuit is adjusted properly and (b) the square wave amplitude
corresponds to a charge of e, the set of features displayed on the scope will show nothing at
the frequency fsq because the square wave will simply switch the pump between identical
current-voltage curves. If either (a) or (b) is false, a modulation at fsq will be superimposed
on the quasiperiodic features on the ’scope.

6. Choose a single value of gate voltage Ve that will correspond to a charge of e for all gates.
7. The Cross Capacitance Tuner circuit is used to tune one gate at a time, here denoted gate
n, as follows:
• Send the full square wave amplitude Vsq to gate n.
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• Send a variable fraction of Vsq to the other gates. These fractions are initially set at 0
and are adjusted using a pot for each gate m �= n.

• Adjust Vsq to be pe, with p an integer, for gate n. (A value of p = 1 is good for
initial tuning, but p = 3 or p = 4 makes the tuning more sensitive to small cross
capacitances.) Since the actual capacitance for gate n is not known accurately, this is
done empirically: As Vsq is increased from 0, the amount of square wave will increase
and decrease periodically, with the minima corresponding to multiples of e.

• Tune the pots for gates m �= n of the Cross Capacitance Tuner circuit to minimize
the square wave visible on the scope. (Note that these are separate pots from those in
the Cross Capacitance Cancellation circuit. The reason for two sets of pots in NIST’s
custom electronics is that those in the Tuner circuit are large and easy turn by hand,
while those in the Cancellation circuit must be small for good high frequency performance
and require a small screwdriver for turning.) It is better to optimize several features than
to cancel the square wave perfectly on a single feature. Iterate the adjustment until it
cannot be improved.
• The pots of the Tuner circuit are now performing the desired cancellation for gate n,
and this effect must be transferred to the pots of the Cancellation circuit, as described
next.
- Turn off the sweep of Vg,all from the function generator.
- Set the square wave to its high value (Vsq corresponding to pe).
- Record the voltages {V ′n} coming out of the cancellation circuit for all gates. Recall
that these voltages are produced for an input pe on the actual gate capacitance of
gate n.
- Set the Tuner circuit so that the fractions for all gates m �= n are 0.
- Set Vsq to pVe.
- Tune the pots of the Cancellation circuit corresponding to gate n (that is, the nth
row of the M -by-M matrix) in order to obtain the voltages {V ′n} recorded above.
The Cancellation circuit is now producing the same effect as the Tuner circuit was
producing before, and it is doing so for an input that is p times the common value
chosen above. This means that the direct coupling for gate n has also been adjusted
so that an input of Ve corresponds to a charge of e on island n.

8. The cancellation can be checked by sweeping a single Vn, which should produce a modulation
on the scope with a single period equal to Ve, similar to figure 7b.
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