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Viewpoint
Trapped Ions Make Impeccable Qubits
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Qubits based on trapped ions can be prepared and manipulated with record-breaking accuracy, offering
a promising scalable platform for quantum computing.
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The realization, two decades ago, that quantum me-
chanics can be a powerful resource to speed up important
computational tasks [1] led to intense research efforts to
find adequate physical systems for quantum computa-
tion. One of the hurdles to a viable technology is the
requirement to prepare, manipulate, and measure quan-
tum bits (qubits) with near perfect accuracy: Imperfect
control leads to errors that can accumulate over the com-
putation process. Techniques like quantum error correc-
tion and fault-tolerant designs can, in principle, over-
come these errors. But these strategies can be successful
only if the error probabilities are lower than a threshold
value. They also increase the complexity of the required
quantum hardware, since they require additional qubits.
Recent calculations [2] suggest that an error probability
of less than 1% would enable fault-tolerant codes, and
that lower error probabilities dramatically decrease the
number of qubits required for such codes.

The quality of qubit manipulation in a number of phys-
ical systems has dramatically improved in the past few
years [3, 4], raising hopes that a quantum computer, at a
large enough scale to carry out meaningful computations,
might be within reach. Now, Thomas Harty at the Uni-
versity of Oxford, UK, and colleagues [5] are reporting
an important contribution to this goal with the demon-
stration that qubits consisting of trapped 43Ca+ ions can
be manipulated with record high fidelities (in quantum
information theory, fidelity is a measure of the “close-
ness” of two quantum states). Their experiments suggest
trapped-ion schemes could potentially provide the basic
fundamental building blocks of a universal quantum com-
puter.

Trapped atomic ions are one of the leading candidate
systems to construct a robust quantum computer: they
provide a stable and well-isolated quantum system and
the strong Coulomb forces between the ions can be used
to realize logical gate operations by coupling different

qubits. In the last decade, researchers have demonstrated
trapped-ion qubits with long coherence times [6], high-
fidelity state preparation and readout [7], and single-
and two-qubit logic gate operations with low error rates
[3, 8]. Yet each of these properties was demonstrated in-
dividually in different systems. The work of Harty and
colleagues now poses a combined improvement on all of
these fronts in a single experimental system.
In the authors’ scheme (see Fig. 1), a 43Ca+ ion is con-

fined by radiofrequency electric fields (a so-called “Paul
trap”) on the surface of a sapphire substrate. Electrodes
connected to the structure provide the signals necessary
for trapping the ions and driving changes to the qubit
states. The choice of the 43Ca+ was crucial to the au-
thors’ results: With a modest applied magnetic field (146
gauss), the energy-level separation between the two hy-
perfine ground-state sublevels of the ion is sufficiently
large to become insensitive to small magnetic field fluc-
tuations, abundant in a laboratory environment, that af-
fected the performance of previous trapped-ion schemes.
The two hyperfine states of 43Ca+ are thus ideal for rep-
resenting the |0〉 and |1〉 qubit states (analogous to “0”
and “1” in classical computing systems). A crucial prop-
erty of a qubit is its coherence time (how long a quantum
superposition of |0〉 and |1〉 states can be maintained).
Unlike previous experiments with 40Ca+ ions, here the
hyperfine levels’ stability led to a measured coherence
time of about 50 seconds, marking a record for an atomic-
ion qubit unshielded from fluctuating background mag-
netic fields.

To “prepare” the ion’s electron in a well-defined initial
state, the authors use laser-pumping techniques that are
well established for atomic systems. They first drive the
electron to one of the hyperfine ground states of 43Ca+
by shining a laser beam resonant with the atomic transi-
tion. From such a ground state, either the |0〉 or the |1〉
qubit state can be prepared using adequate microwave
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FIG. 1: Qubits made of a trapped 43Ca+ ion. RF and dc
electrodes provide a trapping field for the ions, which are
cooled by laser beams (blue) to microkelvin temperatures.
A combination of laser pumping and microwave signals can
deterministically prepare the qubit in a |0〉 or |1〉 state, and
the state can be read out by monitoring its fluorescence (only
|1〉 states result in the fluorescence, similar to that shown
in the inset). Further logical gate operations can be carried
out by applying various combinations of microwave pulses.
The scheme yields preparation and readout errors of less than
0.07% and logic-gate errors of less than 10−6. (APS/Alan
Stonebraker)

pulses applied to the ion through the on-chip microwave
electrodes. In order to “read” the qubit states with high
accuracy, the researchers exploit the fact that, when ex-
cited by a sequence of optical pulses, only one of the two
qubit states would fluoresce. If the qubit was a |0〉, opti-
cal excitation would bring it to a metastable state, which
would not emit fluorescence upon application of a reso-
nant laser beam. If instead the qubit was a |1〉, the ion
would not be transferred to the metastable state and res-
onant laser excitation would induce a fluorescence signal
that can be imaged by a photon detector (see inset of
Fig. 1). The authors repeated the qubit preparation and
readout 150, 000 times, reporting an average error rate of
only 0.07%.

To carry out logic-gate operations, the qubit state can
be coherently manipulated by exposing the ion to a 3.2-
gigahertz microwave pulse that toggles the qubit between
its two levels. The authors show that the phase and du-
ration of the microwave pulse can be precisely controlled
to achieve the desired operations with near-perfect accu-
racy. Following a gate-testing protocol known as “ran-
domized benchmarking,” the authors use the microwave
electrodes to drive a long sequence of single-qubit gate
operations, comparing the final qubit state with the ex-
pected outcome. They report an average error probabil-
ity of 1× 10−6 for a single-qubit gate operation, which
is more than an order of magnitude better than previ-
ous demonstrations [8]. These results, combined with
the high-fidelity two-qubit gate operation reported by the
same authors in a separate paper [9], make a convincing
demonstration of a universal set of qubit operations that
represent a high-fidelity record in any physical platform
so far investigated.

The reported combined accuracy in preparation, read-
out, and logical-gate operation satisfies the important
benchmark of an error rate lower than the 1% threshold,
beating it by over an order of magnitude. Along with
the impressive recent progress made in superconducting
qubits [4], these results show that scientists seem to be
homing in on achieving the qubit quality necessary for
constructing and operating a large-scale, fault-tolerant
quantum information processing system. The next set
of challenges lies in the ability to integrate all of these
functionalities into a single experimental setup and to
scale up the system to a larger number of qubits [10]. At
such a pace of technology development, quantum com-
puters, which seemed a remote possibility only a decade
ago, might become a reality sooner than most of us an-
ticipated.

This research is published inPhysical Review Letters.
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