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A circuit capable of measuring nanoampere currents while floating at voltages up to at least 25kV
is described. The circuit relays its output to ground potential via an optical fiber. We particularly
emphasize the design and construction techniques, which allow robust operation in the presence of
high voltage spikes and discharges. © 2008 American Institute of Physics.
�DOI: 10.1063/1.3036985�

It is occasionally necessary to measure nanoampere or
smaller currents flowing in a part of a circuit at high voltage.
It is often easiest to do so by making a measurement of the
ground return current of the high voltage supply,1 but occa-
sionally, this is inconvenient. Our particular application
stems from an experiment to measure the permanent electric
dipole moment of the electron,2,3 in which voltages of up to
�12 kV are applied to electric field plates in order to polar-
ize a beam of YbF molecules. A leakage current larger than
about 10 nA between the field plates is a source of systematic
error in the experiment. It is desirable to measure directly
this plate leakage current, which is orders of magnitude
smaller than the total current drawn from the high voltage
supply. Most of this current does not contribute to the pos-
sible systematic error but flows to ground through various
divider chains and bleed resistors, which are part of the high
voltage circuit.

The obvious solution is to float the sensitive measure-
ment circuitry at high voltage and communicate its output
optically to a recording instrument at ground potential.4 This
can be done with varying levels of sophistication. Some
methods that have been implemented include a floating
analog-to-digital converter and universal asynchronous
receiver/transmitter �UART� for parallel to serial conversion
with transmission via an optical fiber link,5 voltage-to-
frequency conversion followed by optical transmission,6 and
direct voltage transmission through a commercial optically
isolated buffer amplifier.7 This last method is limited to a few
kilovolts. In contrast, a glass or plastic optical fiber link can
withstand very large potential differences.

We built a number of different floating ammeters and
found that there are two issues that tend to limit perfor-
mance: the power supply for the floating circuitry and the
failure of semiconductor components after high voltage dis-
charges. The first is the easier to solve. For an instrument
used intermittently, battery power is a simple solution. We
had success using both disposable alkaline and rechargeable
lead acid batteries. In the electron electric dipole moment
experiment, however, the flattening of the supply batteries is
not acceptable because the ammeter is required to run con-
tinuously for days. Instead it is powered by a solar cell
mounted a few centimeters from a bank of high power light-
emitting diodes �LEDs�. This is remarkably inefficient, with
some 30 W of electrical power required to power the red

LED array,8 while the solar cell delivers less than 0.5 W to
the ammeter circuit. The solar cell has higher conversion
efficiency for green rather then red light, but this is more
than compensated by the higher output power available from
red LEDs. We find this method of powering the ammeter
perfectly reliable. The solar cell power does entail the slight
complication of single polarity supply, but Fig. 1 shows one
way to bias the input circuitry in order to record bipolar
currents. Isolated dc to dc converters are available commer-
cially and would be preferable as power sources for circuits
that only need to float at a few kilovolts. Other methods to
deliver power to the high voltage instrument are isolation
transformers or small dc motors coupled via a dielectric shaft
and run as a motor-generator pair. We have not implemented
these latter solutions.

Failure of the ammeter due to high voltage events
proved to be a more serious issue. We designed and built
several ammeters that have broken down in spectacular fash-
ion. Figure 1 shows the front end of an ammeter that was
designed to solve this problem. It was extensively tested with
a spark gap load, which triggered between 5 and 10 kV.9

Ammeters of this design have not failed in over a year of
actual operation in our laboratory. Note that in this circuit the
op-amp is configured as a simple voltage buffer rather than
as a transresistance amplifier. This means that current surges
should flow through the protective elements rather than the
op-amp. The 10 k� resistor in series with the op-amp input
serves solely to isolate the op-amp from the high voltage
�HV� current path. The sensitivity of the ammeter is deter-
mined by the current sensing resistor, Rsense, which is typi-
cally between 0.1 and 10 M�. The varistor �Littlefuse
V18ZA1� has a very large resistance below 10 V, dropping to
about 1 M� at 15 V and 2 k� at 20 V. The gas discharge
element provides a circuit path for very large current spikes.

For the optical link, our device uses multimode plastic
fiber and an Avago HFBR 1521/2521 transmitter/receiver
pair. The optical transmitter dominates the power consump-
tion in the circuit, thus no special effort was made to save
power elsewhere in the circuit. To conserve power the optical
transmitter drive was reduced to a level that was just able to
drive a 0.5 m multimode fiber. This length was adequate to
reach an optical repeater operating at high power near
ground potential. The venerable LM358 was found to be
adequate as an amplifier, though there is no reason that any
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of the multitude of modern micropower amplifiers would
not prove to be equally effective. Figure 1 shows an Analog
Devices AD654 as the voltage-to-frequency converter. This
particular device has an input range of 0–1 V, thus one side
of the sense resistor is biased to 0.5 V in order to be sensitive
to bipolar currents. We also constructed ammeters using
components from other manufacturers, for which the details
of the biasing scheme were different. For the circuit in Fig. 1
with a sense resistor of 1 M� and a full scale V-F output of
200 kHz, the sensitivity of the ammeter is 200 Hz/nA.

Our first ammeter designs suffered from leakage from
the ammeter components themselves. In our current design,
all of the floating components are placed in a diecast alumi-
num box, which is attached to the high voltage output and
acts as a Faraday cage. In turn, this box sits on nylon stand-
offs inside a larger polycarbonate box. The high voltage con-
nections are made through the top of the outer box, which is
hermetically sealed to allow the possibility of filling the in-
strument with transformer oil or SF6 to prevent breakdown.
At voltages up to �25 kV this has not proved necessary.
The ammeter circuit board itself is coated with anticorona
lacquer.

Figure 2 illustrates the performance of a pair of floating
ammeters. It shows the charging currents that flow after the
polarity of a pair of electric field plates is switched. The
charging time constants are determined by the combined ca-
pacitance of the plates and their connecting cables and a
series resistor, which limits the peak current. Note that the
residual leakage current is very small, less than 2nA. These
leakage data are recorded continuously as part of the experi-
ment to measure the electron electric dipole moment. De-
tailed circuit diagrams are available from the authors upon
request.
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FIG. 1. The nanoammeter circuit, with some of the details of the input
circuitry shown explicitly. Not shown is the standard circuitry associated
with the voltage to frequency converter and optical fiber driver. A number of
capacitors have been omitted for clarity. The expected path for the high
voltage current IHV is shown explicitly. The Faraday case �see text� is tied to
the terminal labeled “HVout.” The bias scheme for the sense resistor places
the high voltage common 0.5 V below the case, as is appropriate for the
AD654 voltage-to-frequency converter. The ten high power LEDs that drive
the solar cell are wired in series.
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FIG. 2. �Color online� Currents recorded as a pair of electrodes are charged
to �7 kV. The pulse output from the floating nanoammeters was recorded
in 50 ms bins every 100 ms. The first 2 s of the charging currents �some of
which is out of range� are not shown.
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