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Introduction

The coherence times of superconducting qubits have risen approximately five orders of
magnitude [1,2] since 1998 when the first such qubit was measured by Nakamura and col-
laborators [3]. This is fantastic progress but decoherence is still a major issue preventing
us from escaping the NISQ (noisy intermediate-scale quantum) era and moving into the era
in which we achieve practical quantum advantage on economically and scientifically useful
tasks.

Most of the progress to date has been achieved through creation of new qubit designs
whose quantum states are intrinsically less sensitive to environmental noise and such work
continues [4]. Somoroff et al. use a novel ‘fluxonium’ low-frequency qubit design that has
for the first time achieved coherence times exceeding one millisecond.

Until recently, little serious materials science has been done to find and reduce sources
of noise in the devices, though careful systematic experiments and modeling [5-7] have
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demonstrated that it is advantageous to design qubit excitation modes to keep electric fields
away from the surfaces of dielectric substrates as much as possible. It seems clear that
surfaces of dielectrics are generally much lossier than the bulk. This is presumably from
TLS (two-level) defect systems [8] associated with the growth, cutting and polishing the
materials (or possibly surface adsorbates which have also been implicated in magnetic flux
noise [9, 10]), but there is little in the way of detailed theoretical understanding of these
microscopic defects and their ability to absorb relatively low frequency (GHz) photons. The
work of Place et al. nicely illustrates that the situation is now changing as materials
scientists begin to collaborate with experts on qubit design to achieve significantly enhanced
qubit coherence times.

Nevertheless, no matter how great the gains in physical qubit lifetime are, we are unlikely
to ever get around the golden rule: ‘There is no such thing as too much coherence.” In order
to achieve useful quantum advantage, we will need to run algorithms requiring large circuit
depth (many operations). Thus fault-tolerant quantum error correction (roughly speaking,
the ability to correct quantum errors even though the correction processes themselves make
errors) is the grand challenge for the field. We are just entering the era of quantum error
correction (QEC) and beginning to design correction circuits that are tolerant of some types
of faults. The work by Gertler et al. nicely illustrates progress on this problem.

Millisecond coherence in a superconducting qubit

The fluxonium qubit [11] is essentially a small Josephson junction qubit in parallel with
a ‘superinductor’ (comprising a series array of hundreds of Josephson junction) having a
reactive impedance comparable to the quantum of impedance (h/(4e?)) that shorts out
deleterious low-frequency charge noise but not the high-frequency qubit oscillations. The
fluxonium has a so-called A structure in its spectrum with two low-lying levels and a large
gap to the third level. Somoroff et al. report a best-case Ramsey-fringe (without echo)
coherence time of Tp = 1.48 + 0.13 ms and a similar energy relaxation time 7T}, and a long-
term average case Tb = 1.16 & 0.05 ms, with relatively stable 77 values over a period of
months. This substantially exceeds previous records for coherence times. However, it is
important to note that at the magnetic flux ‘sweet spot,” the transition frequency between
the two lowest states in the A structure is only 163 MHz, about 30 times lower than typical
transmon qubits. Thus @ (the quality factor) has not been noticeably increased, suggesting
that materials loss parameters are similar to previous works. Nevertheless, the long coherence
time is very helpful for memory purposes and for increasing gate fidelities. Using randomized
benchmarking, the authors report single-qubit gate fidelities of 0.9999, a record that has only
been exceeded in some ion trap experiments.

New material platform for superconducting transmon qubits

Place et al. have replaced Nb in the transmon qubit antenna leads (capacitor) with
Ta and improved T and Ts by ~2-3x to 0.2-0.3 ms. Application of a variety of microscopic
materials characterization and imaging tools (atomic-resolution TEM, x-ray diffraction, XPS,
ARPES) indicates that Ta offers a simpler oxide than Nb and that single-crystal columns of
Ta grow epitaxially on the sapphire substrate. Qubit coherence measurements suggest that
the dissipation is low despite the columnar growth structure. Ta also offers the advantage
that it is more robust to aggressive cleaning and surface preparation than traditional all-
aluminum devices. (In the Ta devices, the Ta antenna pads are deposited and cleaned, and



then an Al Josephson junction is added to connect the two pads.) Much work remains to be
done to connect processing conditions to both microscopic structure and macroscopic device
performance, but this paper illuminates the route ahead.

Protecting a bosonic qubit with autonomous quantum error correction

At first sight quantum error correction seems impossible because of the no-go theorem
for correcting errors in analog computers. However, while quantum states and their errors
are indeed analog, measured errors are (because of state collapse) discrete. This miracle
makes quantum error correction possible, in principle. In practice, quantum error correction
is fantastically difficult. In traditional qubit-based codes one encodes the logical information
in entangled states of N physical qubits. This makes the physical error rate N times worse
(assuming uncorrelated errors) but allows for the possibility of making special error syndrome
measurements which partially collapse the state, revealing which error has occurred on which
of the N qubits, without revealing (and thereby destroying) the logical state in which the
error occurred. The ‘Maxwell demon’ that measures and corrects the errors must be very
fast, very accurate, and be non-demolition in order to overcome the factor of NV in the error
rate to reach the break-even point where quantum error correction begins to enhance the
lifetime of the quantum information. This has not yet been achieved with superconducting
qubits but is a subject of intense work (see for example, Ref. [12]).

Bosonic encoding [13-16] offers a number of crucial advantages over qubit encodings
and there are now several experiments [17-21] that have approached or slightly exceeded
the break-even point. In bosonic encodings, the logical quantum information is encoded
in superpositions of different Fock states (of microwave photons stored in superconducting
cavities, or in the mechanical oscillations of trapped ions or trapped phonons in solids).
The advantage of bosonic encoding is that it is relatively easy to store bosons for extended
periods and the error channel is typically simple. For superconducting resonators it is often
simple amplitude damping with negligible intrinsic dephasing (frequency fluctuations of the
resonator). Furthermore, the amplitude damping occurs in a single mode in contrast to the
amplitude damping in N physical qubits which occurs in /N different physical locations that
must be determined through measurement of complex (i.e. high-weight) stabilizer operators.
In addition to amplitude damping, qubits also suffer from dephasing and other errors.

One might wonder how unitary error correction operations can reduce the entropy in a
logical qubit. This happens because the particular unitary operation that is performed to
correct an error is conditioned on the outcome of the measurement of the error syndromes.
Thus the overall correction process is non-unitary and entropy changing. An alternative
approach to measurement-based error correction is autonomous error correction. In this case
one uses quantum noise engineering to create novel cold baths which dissipate the entropy by
‘cooling’ the logical qubit into the error-free subspace. One advantage of autonomous schemes
is that they involve simply turning on constant microwave drives to engineer the desired
dissipation. Unlike measurement-based systems, it is not necessary to relay measurement
information up from the cryostat to room temperature electronics to make a decision on
what control pulse should next be sent down into the cryostat.

Gertler et al. have made a remarkable advance in autonomous error correction using
a so-called ‘Truncated 4-component Cat’ (T4C) bosonic code. Here the code words are two
orthogonal linear combinations of photon Fock states with n = 1,3,5,7. Since the code



words all have odd parity, photon loss could be detected by measuring the photon number
parity—something that was done in the first bosonic error correction experiment using the
cat code [17]. However, rather than measure the photon loss and then attempt to repair
it, the authors developed a novel and rather sophisticated bath engineering scheme that
autonomously adds back a photon every time one is lost. This is a non-trivial task, not in
the least because all the ‘which path information’ must be erased in order to prevent the
environment from learning anything about the particular logical state (linear combination of
code words) stored in the cavity. The ‘which path’ information leaks into the environment
through the fact the matrix elements for destroying and creating photons in Fock state n,
depend on n through the \/n and v/n + 1 matrix elements. The protocol used by the authors
cleverly circumvents these issues through careful engineering of the drives on the system that
induce the desired dissipation. Without this erasure, the quantum information stored in the
logical qubit would collapse. We are just at the beginning of the era of quantum error
correction and much work remains to be done, but this work is an interesting step forward.

As a final side note, it is interesting to see that qubit coherence times have gotten long
enough that in the near future, cosmic rays and radioactive decay events may become a
limiting factor that will require amelioration [22]. A number of recent experiments in MKIDs
(bolometers based on kinetic inductance changes) [23,24] and in superconducting qubits and
qubit arrays [25-27] have seen convincing evidence for cosmic ray energy deposition causing
burst events in which one or multiple qubits temporarily fail due to an excess of broken
Cooper pairs created by the energy deposition. Correlated errors, which are especially are
dangerous for quantum error correction, come about across large distances because it is hard
for the superconducting quasiparticles to thermalize and fall back into the superconducting
condensate. When they do recombine, phonons of energy at least twice the superconducting
gap are released and can travel through the substrate to distant qubits where they are
absorbed and turn back into broken Cooper pairs causing further damage.

Remarkably, it is now possible to experimentally to detect single quasiparticles tunnel-
ing through Josephson junctions and see their effect on qubit relaxation (in both energy
and phase) [28-30]. A useful review on the topic is Ref. [31]. It is now understood that
excess non-equilibrium quasiparticles are abundant and there are now good indications that
they are associated with stray millimeter- or far-infrared photons leaking past microwave
filters/attenuators whose efficiency is poor at high frequencies [32]. Once we find ways to
clean these up (through ‘microwave hygiene’) and further reduce substrate dielectric loss
another order of magnitude through modern materials science, cosmic rays may be the next
culprit. It’s always something...

This work was supported by the DOE Office of Science National Quantum Information
Science Research Centers, Co-design Center for Quantum Advantage (C2QA) under contract
number DE-SC0012704.
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