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            Abstract
The fact that electrical current is carried by individual charges has been known for over 100 years, yet this discreteness has not been directly observed so far. Almost all current measurements involve measuring the voltage drop across a resistor, using Ohm's law, in which the discrete nature of charge does not come into play. However, by sending a direct current through a microelectronic circuit with a chain of islands connected by small tunnel junctions, the individual electrons can be observed one by one. The quantum mechanical tunnelling of single charges in this one-dimensional array is time correlated1,2,3, and consequently the detected signal has the average frequency f = I/e, where I is the current and e is the electron charge. Here we report a direct observation of these time-correlated single-electron tunnelling oscillations, and show electron counting in the range 5â€‰fAâ€“1â€‰pA. This represents a fundamentally new way to measure extremely small currents, without offset or drift. Moreover, our current measurement, which is based on electron counting, is self-calibrated, as the measured frequency is related to the current only by a natural constant.
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                    Figure 1: Experimental set-up.[image: ]


Figure 2: Array currentâ€“voltage characteristics in the superconducting state (S: Bâ€– = 475â€‰mT, solid line) and in the normal state (N: 1.50â€‰T, dashed line).[image: ]


Figure 3: Experimental data.[image: ]


Figure 4: Single-electron tunnelling oscillations.[image: ]
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        Editorial Summary
A new way with currents
The conventional way to measure electrical current is to record voltage drop across a resistor; Ohm's law does the rest. This treats the current as a continuous flow of charge, rather than a series of single electrons. A new device measures electrical flow in a fundamentally different way, counting electrons one by one. It makes use of a phenomenon known as time-correlated quantum mechanical tunnelling oscillation, analogous to the better known a.c. Josephson effect. Individual electrons flow into an ultrasensitive charge sensor at a well determined time separation. Electron counting makes it possible to measure extremely small currents more accurately than with established techniques.
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