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Superposition in macroscopic systems

Schrodinger’s paradox
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JOsephSOn effect B. D. Josephson 1962
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Macroscopic quantum tunneling

Saturation of escape rate at low temperature
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J. M. Martinis, M. H. Devoret, and J. Clarke. PRB 35, 4682 (1987).
R.F. Voss and R.A. Webb (IBM), PRL 47, 265 (1981); D.B. Schwarz et al. (SUNY), PRL 55, 1547 (1985).



Single-electron devices
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Superposition of charge-number states in Cooper-pair box

NORMAL ISLAND
REFERENCE
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T (mK)
V. Bouchiat et al. Phys. Scr. T76, 165 (1998) Saclay




Superposition of charge-number states in Cooper-pair box

reservoir 0]0)%4

insulator

i ;

T

* L]
B e e e
" .

Mmoo el e oae

A, el s e
S e

gate

N
I
Q
>
@)
c
b
=]
g




Superconducting quantum bits

Charge qubit Flux qubit

microwave puse length (nanoseconds

Chiorescu, YN, Harmans, Mooij, Science (2003)

o Artificial two-level system in circuits
« Coherent control of macroscopic system

YN, Pashkin, Tsai, Nature (1999); YN, Nature Electronics 8, 92 (2025).



Superconducting qubit — nonlinear resonator
Superconducting

LC resonator qubit Atom
= Artificial atom
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e Superconductivity = low-loss

e Josephson effect = Strong nonlinearity
 Macroscopic size = Strong coupling




Circuit QED: cavity QED and waveguide QED

Cavity QED

Atom + 0D mode (discrete)

Strong coupling

g > Ky Y Yo

Atom + 1D mode (continuum)

Mode matching, interference Microwave
) . guantum optics
Strong coupling

A. Blais et al. PRA 69, 062320 (2004); A. Wallraff et al. Nature 431, 163 (2004), Yale

O. Astafiev et al. Science 327, 840 (2010)



Possible decoherence sources
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Coherence time of superconducting qubits

* Low-energy
gubit
Echo and dynamical

decoupling Non-equilibrium

guasiparticle engineering

Environment High-frequency
engineering with cavity noise shielding

Diluted
surface/interface effect

Improved
surface/interface/dielectric

Energy-level
engineering

Decoupling from
charge noise

W. D. Oliver and P. Welander, MRS BULLETIN 38, 816 (2013) MIT-LL



Logical error suppression with surface code

Google Quatum Al, Nature 638, 920 (2025)

gLDPC code
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K. Wang et al. arXiv:2505.09684 (Zhejiang U)
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Number of physical qubits

e Fabrication uniformity * Error correction code
« Connectivity « FTQC architecture
100,000 + Wiring /)« Agorithm
* Heat load * » Application
» Control electronics
10,000
 Decoherence
Multiple fridges  Thermalization
000 » External noise
: 1, o
Modular units Crosstalk _
» Control pulse shaping
. Cold  Tunable couplin
Multi-chip modules - piing
P atoms « Readout backaction
100 _ Trapped
Superconducting ions
0.9 0.99 0.999 0.9999 ) )
Necessary coherence time Fidelity
10 ps 100 ps 1 ms

for 100-ns-long 2Q gate
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 Superconducting quantum processor unit @RQC

Superconducting
bump contact

P

Superconducting
through silicon vias

Al package

Flip-chip cover

Integrated qubit chip
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Contact probes

‘\-l Coaxial cables

2D integration with 3D wiring
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Unit-cell structure

Square lattices of
fixed-frequency
transmons

Nearest-neighbor
capacitive coupling
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Qubit Readout resonator (A/4)
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Qubit Readout resonator (A/4)

v

Josephson v
junction Purcell filter
(A/2 resonator)
Yellow: TiN o
White: Al — — Capacitive
Gray: Si coupler
Black: TSV
Design parameters (example)
* W,/2n ~ 7.7-8.9 GHz (fixed)
« a/2n ~ —350 - —450 MHz
e /2n ~ 10.1-10.4 GHz
 K/2n ~ 10 MHz
0.5 Backsid * gy/2n ~ 140 MHz
: .5 mm . ~
Qubit GND  Resonator — ackside Jgq/2N ~ 10 MHz
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® Input 96 lines* HEMT
. amplifiers
Output 16 lines
Total 112 lines
(1.75 line/qubit)
Control
lines

16 low-temperature
HEMT amplifier

Readout
lines

16 impedance-matched
Josephson parametric
amplifier (JPA)
Magnetic shield

Radiation shield at 10 mK

* Qubit control 64 Magzgﬂg :Chljzgdefor
Readout signal input 16
JPA pump 16

Magnetic shields for JPAs

Dilution Refrigerator
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FPGA-based digital

electronics
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Transmon qubit

16Q device 4Q unit-cell

4-fold multiplexed
simultaneous readout

Individual Purcell filter
+ Intrinsic notch filter

P. A. Spring et al. PRX Quantum 6, 020345 (2025)
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Assignment & QND fidelity
Histograms from pulse sequences
4x10% simultaneous
56-ns measurements
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QND
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= Bultink, '16 .
v Sunada, '22 ® Bengtsson, '24
c 102F ® |effrey, '14
i i & : : Lledd, 23
« Fast readout in 56 ns, repeatable in every 100 ns = f Sunada, E%h;n S
» Assignment fidelity 99.91%, QND fidelity 99.67% 2 ® Walter, '17
o Leakage error ~0.01%/readout &n ¢ Swiadek, '24 F. Swiadek et al. (ETH)
NPT : _ ) _ PRX Quantum 5, 040326 (2024)
* QND infidelity dominated by induced qubit relaxation 103 bk EEEREEE SEENEEEENNREREEENEY
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P. A. Spring et al. PRX Quantum 6, 020345 (2025) spring 24\ rilovich 125 —rtegration time, T (ns)
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High-fidelity gate with double-transmon coupler Of

in collaboration with TOSHIBA

Tunable coupler consisting of double transmons and
a Josephson-junction loop
between two fixed-frequency data transmon qubits

R. Li et al. PRX 14, 041050 (2024)
(Theory) H. Goto, Phys. Rev. Appl. 18, 034038 (2022);

K. Kubo et al. Phys. Rev. Appl. 22, 024057 (2024)
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le-transmon coupler (@) cuanruw

COMPUTING

0.15F | —I Gate er;or= O.l‘VIo ¢ IrCZ e
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—— 1§7=0.030%
» Fast (48-ns) adiabatic flux-bias pulse for CZ gate % 0-10 __L___i____+____+_ _______ -]
« CZ gate fidelity 99.90% S { $
» Leakage error 0.03% 8 go0st .
. Stable for 12 h i e T e e Zat
0.00 1 1 1 1 1 1

2 4 6 8 10 12
R. Li et al. PRX 14, 041050 (2024); see also Phys. Rev. Appl. 23, 064069 (2025) Time (hour)
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Macroscopic quantum coherence

o Superposition in qguantum systems with a large number of degrees of freedom

4

Superconducting qubits

« Artificial two-level systems in macroscopic-scale electrical circuits

4

Quantum computers

» Platform for precise control and measurement
of (open) quantum systems with a large number of degrees of freedom
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