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6.7 Trapped ions qubits

Trapped ions are positively ionized atoms that are
trapped by electrodes and sometimes also magnetically
in a confined space and placed next to each other. The
atoms are generally alkaline metals from the second
column of Mendeleev’s table (called “Group IIA” in
Mendeleev’s notation or group 2 in the modern nota-
tion, with beryllium, magnesium, calcium, strontium,
barium), then as ytterbium which is a rare earth in the
lanthanide family, and finally, quite rarely, metals of
group 11B or 12 (zinc, cadmium, mercury) 3145, 3146].

6.7.1 History

Before the very notion of a qubit even existed, scientists
tried to control ions in space. Wolfgang Paul created
in 1953 a way to control fons with a mass spectrometer
avoiding the use of a magnetic field, named the “Paul
trap”. He got the Nobel prize in Physics in 1989. Later,
in 1959, Frans Penning and Hans Dehmelt were
able to control individual electrons with a magnetron
trap that was later named the “Penning trap”. Penning
traps are still being studied, particularly in their 2D
variant.

In the USA, David Wineland from NIST created the
laser cooling technique starting in 1979, using Doppler
effect with magnesium ions. He was a laureate of the
Nobel prize in physics in 2012 along with Serge Haroche.
In 1989, he used the technique to cool ions at thei
zero-point energy of motion with the sideband cooling
technique that goes farther than Doppler cooling [3147]

Juan Ignacio Cirac and Peter Zoller from the Univer-
sity of Innsbruck in Austria proposed in 1995 a blueprint
to create a gate-based quantum processor with a linear
trap of ions controlled by laser beams [1760, 3148]. They
initiated a long-lasting experience in the field at Inns-
bruck, which led to the creation of the startup AQT in
2017.

6.7.2 Science

Here are some specifics of trapped fons qubits...(Fig-
ure 468).

Why ions? One interest with fons as well as with
cold atoms is that they are all the same by nature, and
therefore have less variability than with other qubit
modalities like superconducting qubits and spin qubits.
There is still some variability but it sits in the ion traps
and microwaves, RF signals and lasers control signals.
The interest of exploiting ions is to trap them magnet-
ically or with electrodes. It is also possible to couple
them over long distance, in the order of several tens of
microns. Tt can also be hybridized with several ion types
mixed together, like calcium and strontium, to get their
related benefit such as fast gates for calcium and stabil-
ity for strontium [3149, 3150]. The used clements have

Quantum computing hardware

several common characteristics related to their electron
layer configuration such as excitation levels from the
ground state that arc of short duration and allow their
use for atoms cooling with laser and the Doppler effect.
The energy levels corresponding to the [0) and the ex-
cited energy level corresponding to [1) state are both
stable over time, which facilitates the implementation
of quantum gate operations.

Long coherence time. Trapped ions usually have a
rather long coherence time of up to several tens of
onds. Although gate times are long, the ratio between
coherence time and gate time is currently quite good at
up to 10°, while it is at 10 for superconducting qubits
and about 200 for cold atoms qubits.

Qubsit fidelities. Trapped ions show a low error rate
with up to single-qubit fidelities of 99.99987% and two-
qubit gate fidelities of over 99.9%, the record being 107
error rates, achieved in 2024 by an Oxford and Osaka
Universities team [3151] (Figure 466 and Figure 467).
These fidelities depend on the quantum gate implemen-
tation and used ions. This and long coherence time
make it possible to theoretically execute “deep algo-
rithms” with a large number of quantum gates and to
obtain a good quantum volume, to use IBM’s terminol-
ogy. However, this error rate seems to increase with the
number of qubits, at least in 1D architectures like the
one from TonQ.
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Figure 466: The record in single-qubit gate fidelity obtained
in 2024 compared to best-in-class lab fidelities for other qubit
modalities. Source: [3151].

There’s a tendency with trapped ions vendors like TonQ
and Quantinuum to measure qubit fidelities with the
SPAM method which encompasses the whole proces;
from state preparation to measurement. In March 2022,
TonQ tested its new barium ions and improved fideli-
ties with a record 99.96% SPAM fidelity. Quantinuum
reached simultaneously a SPAM fidelity of 99.9904% also
with barium fons [3152], which is clearly best-in-class in
the qubit world.

‘Where are the residual errors coming from? The most
frequently mentioned sources are control voltage variabil-
ity in the case of microwave qubit drive, laser frequency,
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FTQC vs HPC power baseline guesstimates

computer type

NISO | AQT (20 PQ) estimate base power for various FTQCs and actual for existing largest HPCs WW
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