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FIG. 4. Expected transmission spectrum of the resonator in the
absence (dashed line) and presence (solid line) of a superconducting
qubit biased at its degeneracy point. Parameters are those presented
in Table I. The splitting exceeds the line width by two orders of
magnitude. v f—————————MEEE
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FIG. 5. (Color online) Transmussion spectrum of the cavity
which is “pulled” by an amount /A= +2 5S¢ x 107, depending
on the state of the qubit (red for the excited state, blue for the
ground state), To perform a measurement of the qubit, a pulse of
microwave photons, at a probe frequency w,, =, OF w,2g°/4, is
sent through the cavity. Addiional peaks near (2 corresponding 1o
qubit flips are suppressed by g/A
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TABLE I1. Figures of merit for readout and multiqubit entangle-
ment of superconducting qubits using dispersive (off-resonant) cou-
pling to a 1D transmission-line resonator. The same parameters as
Table I and a detuning of the Cooper-pair box from the resonator of
10% (A=0.1w®,) are assumed. Quantities involving the qubit decay
v are computed both for the theoretical lower bound y=7y, for
spontaneous emission via the ¢ and (in parentheses) for the
current experimental upper bound 1/y=2 us. Though the signal to
noise of the readout is very high in either case, the estimate of the
readout error rate is dominated by the probability of qubit relaxation
during the measurement, which has a duration of a few cavity life-
times [~(1-10)x~']. If the qubit nonradiative decay is low, both
high-efficiency readout and more than 10° two-bit operations could
be attained.

Parameter Symbol 1D circuit

Dimensionless cavity pull 2%/ kA 25
Cavity-enhanced lifetime Y =(A/g) k! 64 us
Readout SNR SNR = (nog/ nymp) 6/ 2y 200 (6)
Readout error P .~5Xvylk 1.5%(14%)
One-bit operation time T.>1/A =0.16 ns
Entanglement time t swap=mA/4g’ ~0.05 us

Two-bit operations Nop= /[y t mwap] = 1200(40)
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FIG. 8. (Color online) Phase shift of the cavity field for the two
states of the qubit as a function of detuning between the driving and
resonator frequencies. Obtained from the steady-state solution of
the equation of motion for af(f) while only taking into account
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damping on the cavity and using the parameters of Table 1. Readout
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of the qubit is realized at, or close to, zero detuning between the
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drive and resonator frequencies where the dependence of the phase
shift on the qubit state is largest. Coherent manipulations of the
qubit are realized close to the qubit frequency which is 10% de-
tuned from the cavity (not shown on this scale). At such large de-
tunings, there is little dependence of the phase shift on the qubit’s

Time (ns)

FIG. 9. (Color online) Numerical stochastic wave function
simulation showing coherent control of a qubit by microwave irra-
diation of the cavity at the ac Stark- and Lamb-shifted qubit fre-
quency. The qubit (red line) is first left to evolve freely for about
40 ns. The drive is turned on for t=77wA/2ge ~ 115 ns, correspond-
ing to 77 pulses, and then turned off. Since the drive is tuned far
away from the cavity, the cavity photon number (black line) is small
even for the moderately large drive amplitude £=0.03 w, used here.
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Fig 32, Sumular to the famous Moore's law for semiconductor industry, the coherence times of superconducting quiits also appear to exhibit exponential
waling. The graph shows, on a logarithmic scale, the energy-relaxation time Ty achieved through the years in some state-of-the-ant superconducting
qubits. T, has increased by six orders of magnitude since 1999. This remarkable progress has been dniven by nowel circuit design, matenal and fabricatios
mprovemerts | 23] and understanding of dissipation mechanisms | 214}




Table 1
Comparison between natural atoms and artificial atoms based on superconducting circuits and their interaction with quantized bosonic modes.

Natural atoms

Neutral atoms

Trapped ions

Artificial atoms

Superconducting qubits

Qubits

Atoms

lons

Josephson-junction devices

Dimensions

~10"Y9m

~109m

~10°®m

Energy gap

~10" Hz (optical), GHz
(hyperfine)

~10"4 Hz (optical), GHz
(hyperfine)

~1-10 GHz

Quantized
bosonic modes

Photons

Collective vibration modes
of ions (phonons)

LC circuits (photons), surface acoustic
waves (phonons)

Frequency range

Microwave, optical

Microwave, optical

Microwave

Controls

Lasers

Lasers, electric/magnetic
fields

Microwave pulses, voltages, currents

Components

Mirrors

Optical and microwave
cavities

Optical fibers
Beam-splitters

Electrodes

Optical cavities, vibration
modes

Optical fibers
Beam-splitters

Capacitors

LC and transmission-line resonators,
3D cavities

Transmission lines

Hybrid couplers, Josephson mixers

Temperature

nK-pK

K-mK

~10 mK

Advantages

Homogeneous (parameters
set by nature)

Long coherence times

Strong and controllable coupling,
tunable in situ, fabricated on chip
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Figure 4: Cross Section of Typical Stripline to Show Conduc-
tor Roughness. The label “thou” Represents Thousandths of
an Inch

Figure 2: Diagrama de la seccion transversal de la
geometria de una linea >ll‘i)lill' El conductor central (A)
se inserta entre las lineas de tierra (B y D). La estructura

esta soportada por un dieléctrico (C).




Transmon qubit SQUID Josephson juncton
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Fig. 6: Images of a frequency tunable transmon qubit. (a) The
entire transmon consisting of a large capacitance (the “+7 shape) in
parallel with a SQUID to ground. A zoom in of the SQUID and a
single Josephson junction are in (b) and (c¢). respectively.
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Fig. 1: Optical image of a typical circuit QED device with four
transmon qubits and the accompanying on-chip microwave network
needed to operate the device. Each amm of the transmons are ~300
pm long and form a ~70 {F capacitance to ground. The main
operating frequencies of the transmons in this device are around 5
GHz. but this can be tuned in situ between approximately 4 0 6
GHz. The surrounding microwave transmission lines are used to
control the transmons and monitor their quantum states through
MICTOWAVE SPECLroscopy.
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Figure 2.5: Charge dispersion. The energies of the lowest 5 levels of the transmon Hamiltonian
(2.30), in units of the charging energy Ec. For low E;/Ec ratio, the energies are parabolic
functions of the offset charge ng, with avoided crossings; as the ratio is increased the levels

become exponentially flatter.
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