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Quantum Computing in the NISQ era and beyond

John Preskill

Institute for Quantum Information and Matter and Walter Burke Institute for Theoretical Physics,

California Institute of Technology, Pasadena CA 91125, USA

30 July 2018

Noisy Intermediate-Scale Quantum (NISQ) technology will be available in
the near future. Quantum computers with 50-100 qubits may be able to perform
tasks which surpass the capabilities of today’s classical digital computers, but
noise in quantum gates will limit the size of quantum circuits that can be
executed reliably. NISQ devices will be useful tools for exploring many-body
quantum physics, and may have other useful applications, but the 100-qubit
quantum computer will not change the world right away — we should regard
it as a significant step toward the more powerful quantum technologies of the
future. Quantum technologists should continue to strive for more accurate
quantum gates and, eventually, fully fault-tolerant quantum computing.
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TABLE I. Selected state-of-the-art gate demonstrations.

Gate Gate Fidelity Gate Time Ion Ref.

Type Method (µs) Species

Single-Qubit

Optical 0.99995 5 40Ca+ [28]

Raman 0.99993 7.5 43Ca+ [27]

Raman 0.99996 2 9Be+ [37]

Raman 0.99 0.00005 171Yb+ [163]

Raman 0.999 8 88Sr+ [113]

Microwave 0.999999 12 43Ca+ [22]

Microwave 0.0186 25Mg+ [164]

Two-Qubit

(1 species)

Optical 0.996 – 40Ca+ [38]

Optical 0.993 50 40Ca+ [8]

Raman 0.9991(6) 30 9Be+ [37]

Raman 0.999 100 43Ca+ [27]

Raman 0.998 1.6 43Ca+ [40]

Raman 0.60 0.5 43Ca+ [40]

Microwave 0.997 3250 43Ca+ [165]

(AC B-field gradient)

Microwave 0.985 2700 171Yb+ [166]

(DC B-field gradient)

Two-Qubit

(2 species)

Raman/Raman 0.998(6) 27.4 40Ca+/43Ca+ [167]

Raman/Raman 0.979(1) 35 9Be+/25Mg+ [168]

polarization (or frequency) does not allow it to couple to
the ground state, and it cannot be rotated in |0〉|n = 0〉
because the drive is red-detuned. A final π-pulse on the
control ion will return the control ion to its initial state.
The resulting state transformation looks like:

|0〉c|0〉t → |0〉c|0〉t (1)

|0〉c|1〉t → |0〉c|1〉t (2)

|1〉c|0〉t → |1〉c|0〉t (3)

|1〉c|1〉t → −|1〉c|1〉t (4)

The gate thus inverts the phase of only the |1〉|1〉 state,
realizing an entangling controlled-phase interaction. Be-
sides cooling to the motional ground state, the CZ gate
requires individual addressing of each ion and multiple
polarizations for the drive laser. Despite these limita-
tions, a modified CZ interaction was demonstrated the
same year it was proposed [4], entangling the internal
state and motional state of a single 9Be+ ion. In 1998,
a two-ion entangling gate with fidelity of 0.7 was demon-
strated between two Be+ ions with gate time of ∼ 10µs
[5], while a Cirac-Zoller gate and single-qubit rotations
were used to implement the CNOT operations on two

The requirement that the ions remain in the motional
ground state is a significant limitation on the original
Cirac-Zoller proposal. As discussed in Sec. II C 2, even
when the ions have been cooled to the motional ground
state, they can be subsequently heated by electric-field
noise. In 1999, Mølmer and Sørensen introduced a
controlled-phase gate which could be implemented with-
out the need to be in the motional ground state [25]. The
Mølmer-Sørensen (MS) gate generates a state-dependent
force with bichromatic laser fields tuned near first-order
sideband transitions. The motional-state wavepacket ex-
ecutes a closed trajectory in phase space, giving rise to
a state-dependent geometric phase. At the conclusion of
the gate, internal and motional states are disentangled
for all values of n. Hence, the MS gate can be used for
ions that are not cooled to the motional ground state.
An additional feature of the MS interaction is that en-
tanglement among multiple ions can be generated using
only global control lasers (that is, it does not require
lasers independently focused on each ion). The MS en-
tangling gate was first demonstrated for chains of 2 and
4 Be+ ions in 2000 [6]. To date, the highest-achieved
fidelities in both optical and hyperfine two-qubit gates
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Principle of the Rydberg blockade. (a) A resonant laser couples, with strength

Ω, the Rydberg state |r and the ground state |g of an atom. (b) For two nearby

atoms, interactions U vdW shift the doubly excited state |rr, preventing the

double excitation of the atom pair when U vdW Ω.
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