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generated by gamma and cosmic rays
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Error-corrected quantum computers can only work if errors are small and uncorrelated. Here | show how cosmic rays or stray background radiation affects
superconducting qubits by modeling the phonon to electron/guasiparticle down-conversion physics. For present designs, the model predicts about 57\% of
the radiation energy breaks Cooper pairs into quasiparticles, which then vigorously suppress the qubit energy relaxation time (I; ~ 160 ns) over a large area
(cm) and for a long time (ms). Such large and correlated decay kills error correction. Using this quantitative model, | show how this energy can be channeled
away from the qubit so that this error mechanism can be reduced by many orders of magnitude. | also comment on how this affects other solid-state qubits.

Quantum computers have intrinsic errors, so algo-
rithms can be natively run with typically only a few hun-
dred to thousand logic operations [3, 4]. In order to run
the most powerful and useful algorithms, say with mil-
lions to billions of logic gates, errors must be reduced to a
parts per million or billion range, or lower. Fortunately,
this is possible using quantum error correction, where
the qubit state is distributed to many physical qubits in
a way similar to classical error correction, so that errors
in the physical qubit states can be s i ured,

ror correction encodes a protected “logical” state with
about 1000 physical qubits [5, 6]. As long as physical
errors are small, about 0.1%, and occur randgmly and

in time or across the chip in space, then error decoding
fails. With a logical error, the memory of the quantum
computer is lost and the algorithm fails.

s paper explains how cosmic rays and backgro Usi
gamma ray radiation are pulsed energy sources that
produce large and correlated errors in superconducting
qubits. Cosmic rays naturally occur from high energy
particles impinging from space to the atmosphere, where
they are converted into muon particles that deeply pen-
etrate all matter on the surface of the earth. When the
muons traverse the quantum chip, they deposit a large
ot of ey W i of b v RS ot o it e o e vl

radiation physics and the effects of breaking electron-hole

the chip. Gamma rays from natural bmksr ound sources pairs in the silicon crystal as part of the down-conversion
have a somewhat larger rate and can deposit even greater process [8]; such charge offsets should not be an issue

energy, up to about 1 MeV [8]. Experiments on low- with large transmon qubits [18].

Quantitative model for eration of quasi-
Cles and their decay, I show that one can reliably re-
‘esign the quantum processor by channeling the phonon
energy away from the qubits. The most important change
is using thick films of a normal metal or low-gap super-

ctor to channel energy away from qubits. This re-
design s uce the initial quasiparticle Tty by

a factor of 100, usefully larger than for a previous de-
tector experiment with thin films [11]. This work is also
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A Quantum Engineer's Guide to Superconducting Qubits

Philip Krantz, Morten Kjaergaard, Fei Yan, Terry P. Orlando, Simon Gustavsson, William D. Oliver

The aim of this review is to provide quantum engineers with an introductory guide to the central concepts and challenges in the rapidly accelerating
field of superconducting quantum circuits. Over the past twenty years, the field has matured from a predominantly basic research endeavor to one
that increasingly explores the engineering of larger-scale superconducting quantum systems. Here, we review several foundational elements —-
qubit design, noise properties, qubit control, and readout techniques -- developed during this period, bridging fundamental concepts in circuit
quantum electrodynamics (cQED) and contemporary, state-of-the-art applications in gate-model quantum computation.
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FIG. 1. (a) Circuit for a parallel LC-oscillator (quantum har-
monic oscillator, QHO), with inductance L in parallel with
capacitance, C'. The superconducting phase on the island is > 3%
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denoted ¢, referencing ground as zero. (b) Energy potential

for the QHO, where energy levels are equidistantly spaced
hew, apart. (¢) Josephson qubit circuit, where the nonlinear
inductance Lj (represented with the Josephson-subcircuit in
the dashed orange box) is shunted by a capacitance, Cs. (d)
The Josephson inductance reshapes the quadratic energy po-
tential (dashed red) into sinusocidal (solid blue), which yields
non-equidistant energy levels. This allows us to isolate the
two lowest energy levels |0) and [1), forming a computational
subspace with an energy separation fiwg;, which is different
than hwya.
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a) single qubits b) CNOT
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FIG. 1: Single and CNOT logic gates, in the transition pic-
ture, for two uncoupled qubits. Plotted is the qubit energy
(vertical) for the four possible states. (a) Here, the transition
frequency w, for the first qubit (dashed lines) is the same for
the pair of transitions |00) < |10) and |D1) < |11). There
is a similar pair (dotted lines) at frequency w2 for the second
qubit. (b) The CNOT logic gate must swap only the states
[10) and |11), which cannot be accomplished because of the
degeneracy with the transition frequency |00) < |01).
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