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Everyone has a plan ‘till they
in the mouth

Mike Tyson
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} AH| E(Qubit = “Quantum Bit”)

Qubit : A guantum system with two states

1> superposition entanglement

O=0

a|0)+ Be'’|1) 101)—|10)

DiVincenzo Criteria (2001)

1) A scalable physical system with well characterized gubits.
2) The ability to initialize the state of the qubits.
3) A coherence times much longer than the gate operation time.

4) A “universal” set of guantum gates

5) A qubit-specific measurement capability
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What you need to know for superconducting qubit

Microwave electronics
for controland —e

measurement of

quantum states
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Superconducting Quantum Computer System
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What you need to know for superconducting qubit
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How to make an Artificial Atom?

/ T T \ / (Quantum) Harmonic Oscillator\
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Josephson Junction

I sin Ag
non-superconductor 1
Fhle @
d ¢ h 1dg :
it i |, = C +1_sIn
‘LPle “Pze CPYE G 2 Rdt © )

oo T T

const. mass damping pendulum

= Josephson Relations

| = IcSin(¢1_¢2)
V(t)———(¢1 ?,)

2 dt Sullivan and Zimmerman, Am. J. Phys. 39, 1504 (1971)




Josephson Qubit

Josephson Qublt

=

Josephson junction: nonlinear inductance
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Low-loss Nonlinear Oscillator with 1 photon
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Josephson Junction

Are macroscopic degrees of freedom governed by quantum mechanics?

80 Supplement of the Progress of Theoretical Physics, No. 69, 1980

Macroscopic Quantum Systems and the Quantum
Theory of Measurement

A. J. LEGGETT

School of Mathematical and Physical Sciences
University of Sussex, Brighton BN1 9QH

Quantum Mechanics of a Macroscopic Variable:
The Phase Difference of a Josephson Junction

JoHN CrLARKE, ANDREW N. CLELAND, MICHEL H. DEVORET, DANIEL ESTEVE,
JoHN M. MARTINIS

Experiments to investigate the quantum behavior of a
macroscopic degree of namely the phase differ-
ence across a Josephson tunnel junction, are described.
The experiments involve measurements of the escape rate
of the junction from its zero voltage state. Low tempera-
ture measurements of the escape rate for junctions that
are cither nearly undamped or moderately damped agree
very closely with ictions for macroscopic quantum

emphasized, one must distinguish carefully between macroscopic
quantum phenomena originating in the superposition of a large
number of microscopic variables and those displayed by a single
macroscopic degree of freedom. It is the latter that we discuss in this
article,

Our usual observations on a billiard ball or Brownian particle
reveal classical behavior because Planck’s constant % is so tiny.
However, at least in principle there is nothing to prevent us from
designing an experiment in which these objects are quantum

tunneling, with no adjustable parameters. Mi ave
s reveals q?ﬂntiznd levels in the poten-
tial well of the junction in :Jmt agreement with
quantum-mechanical calculations. The system can be re-
garded as a “macroscopic nucleus with wires.”

ical. To do so we have to satisfy two criteria: (i) the thermal
energy must be small compared with the separation of the quantized
energy levels, and (ii) the macroscopic degree of freedom must be
sufficiently decoupled from all other degrees of freedom if the
lifetime of the quantum states is to be longer than the characteristic
time scale of the system (I). To illustrate the application of these

N

Nobel Prize 2003

Science 1988




Qubit Fabrication

2-Angle Evaporation

SUPERCONDUCTING
TOP ELECTRODE
SUPERCONDUCTING
BOTTOM
ELECTRODE
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>

SEM HV: 15.0 kV WD: 8.73 mm MIRA3 TESCAN
View fieid: §.06 ym Det: SE
SEM MAG: 50.0 kx | Date(m/dry): 11/10/18

Two-angle evaporation Josephson junction
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Josephson Technology

NIST Josephson Voltage Standard
~ 300,000 JJs

HERENERNEEEARNN RN IR NEEQRE

D-wave chip

2000 Qubit CRAMTY CRAVITY - .
ST AIST Clean Room for Analog & digital superconductiVITY

Outline

The CRAVITY complex is a micro-fabrication facility for users from universities, research institutes, and industry. Fabrication techniques are
available for analog and digital superconducting devices, such as sensors and digital signal processing. To ensure highly productive fabrication of
complicated analog/digital superconducting electronics, the majority of process machines are fully automated and the process parameters are
determined by the latest knowledge and expertise. Usage fees are shown here
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} SC Qubit = “Electronics Circuit”

You design your Circuit = You design your Atom
= You design your Hamiltonian
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Qubit with electrons? - “interact, but be isolated”
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Types of Qubits

— Named after the control force

a Voltage-driven box (charge qubit) b Flux-driven loop (flux qubit) ¢ Current-driven junction (phase qubit)
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Transmon

Shunted with a Capacitor
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Transmon

CPW ground plane (Nb)
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Circuit QED

Nature 2004  Strong coupling of a single photon
to a superconducting qubit using
circuit quantum electrodynamics

A. Wallraff', D. I. Schuster', A. Blais', L. Frunzio', R.- S. Huang'~,
J. Majer, S. Kumar', S. M. Girvin' & R. J. Schoelkopf'

' Departments of Applied Physics and Physics, Yale University, New Haven,
Connecticut 06520, USA
*Department of Physics, Indiana University, Bloomington, Indiana 47405, USA
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Circuit QED

Qubit in a Resonator
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Circuit QED

Dispersive Shift

If qubit and cavity are well off resonance
2
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Universal Quantum Gate Set

Figure 1.3. Bloch sphere representation of a qubit.
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Single Shot Readout
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D-wave Cloud
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J ‘ Fault-tolerant quantum computation

Algorithms on multiple logical qubits

‘ Operations on single logical qubits

p‘ Logical memory with longer lifetime than physical qubits

Complexity

‘ QND measurements for error correction and control

1 Algorithms on multiple physical qubits

WAAAANA

‘ Operations on single physical qubits

Time

Fig. 1. Seven stages in the development of quantum information processing. Each advancement requires
mastery of the preceding stages, but each also represents a continuing task that must be perfected in
parallel with the others. Superconducting qubits are the only solid-state implementation at the third
stage, and they now aim at reaching the fourth stage (green arrow). In the domain of atomic physics and
quantum optics, the third stage had been previously attained by trapped ions and by Rydberg atoms. No
implementation has yet reached the fourth stage, where a logical qubit can be stored, via error correction,
for a time substantially longer than the decoherence time of its physical qubit components.
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Devoret, Schoelkopf, Science 2013
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FIG. 1. Layered control stack that forms the framework

of a quantum-computer architecture. Vertical arrows indicate
services provided to a higher layer.

Gambetta, ArXiv 2015

Jones, Yamamoto, PRX 2012
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5 X|E: Quantum Volume (IBM)

A Quantum
Computer's
power depends
on more than just
adding qubits

If we want to use quantum
computers to solve real
problems, they will need to
explore a large space of
quantum states. The number
of qubits is important, but so
is the error rate. In practical
devices, the effective error
rate depends on the accuracy
of each operation, but also

on how many operations it
takes to solve a particular
problem as well as how the
processor performs these
operations. Here we introduce
a quantity called Quantum
Volume which accounts for all
of these things. Think of it

as a representation of the
problem space these
machines can explore.

Quantum Volume

Volume of cube proportional
to useful quantum computing
that can be done

25
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IBM Research

Improving the error rate
will result in a more powerful
Quantum Computer

< Increasing qubit number
S SN
S o does not improve a Quantum
< Computer if error rate is high

Qubits Added: 0
Error Rate Decrease: 10x
Quantum Volume Increase: 24x

Qubits Added: 100

Error Rate Decrease: 0
Quantum Volume Increase: 0

We are in the early stages, and expect
significant progress over the coming years

CIE dSX2EE U=
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IBM Chips Old Days
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IBM Chips : How the qubits are connected?

Let’s Create  Products & Solutions v Consulting & Services \v  Learn & Support v Explore more v

IBM Research Blog  Topics v Labs VvV

September 18, 2019 | Written by: Doug McClure and Jay Gambetta

. . t C ti
Categorized: Quantum Computing | Systems Quantum Computing

Share this post: Quantum computation center opens -
E in ¥

IBM continued its push toward large-scale adoption of quantum computing with the opening of the first IBM Quantum Computation

Center in Poughkeepsie, NY, bringing the number of quantum computing systems available online via our IBM Q Experience
platform to a total of 10. To meet growing demand, an additional four systems are scheduled to come online in the next month. This
milestone represents a paradigm shift in quantum computing, marking the first large-scale deployment of quantum computing

systems. One of the systems to be released next month has 53 qubits, which will make it the largest commercially available

IBM’s 10 Quantum Device Lineup 53 Qubit Rochester Device

Johannesburg Almaden Ourense
Poughkeepsie Boeblingen Valencia
Singapore Vigo

Melbourne Yorktown
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Error Mitigation

LETTER

https://doi.org/10.1038/541586-019-1040-7

Error mitigation extends the computational reach of
a noisy quantum processor

Abhinav Kandala'#*, Kristan Temme', Antonio D. Cércoles', Antonio Mezzacapo', Jerry M. Chow! & Jay M. Gambetta'

Fig. 1 | Device and experimental protocol. a, False-coloured optical
micrograph (top) of the superconducting quantum processor and
schematic (bottom) of the qubits (Q0, Q1, Q2, Q3) and gates (CR,_, CR, 5,
CRj.,) used in the experiment. The device is composed of five transmon
qubits, with the coupling provided by two superconducting co-planar
waveguide resonators, in blue. b, A measurement of the expectation value

b c
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Q2 p4p------------- QL L - - -
Q3 Mp - oo -0 A E e

Noise amplification/stretch factor

after rescaled state preparation is equivalent to a measurement under an
amplified noise strength, if the noise is time invariant. ¢, An illustration
of the error mitigation method, shown here for a first-order Richardson
extrapolation to the zero-noise limit, highlights that the variance of

the mitigated estimate E* is crucially dependent on the variance of the
unmitigated measurements and the stretch factors c;.
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12 unit cells of 6 qubits =72 qubits

“Chip”

arrier e Qubits

e Readout
e XY control
Z control
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Sycamore

X
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x Qubit . Adjustable coupler
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b I
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Fig.1|TI a, Layoutof,

array of 54 qubits (grey), each toits four nearest neij

c

plers (blue). The i bitis outlined.b, the

Sycamore chip.

FIG. S1. A photograph of a packaged Sycamore pro-
cessor. The processor is shielded from the electromagnetic
environment by a mu-metal shield (middle) and a supercon-
ducting Aluminum cap, inside the mu-metal shield. The pro-
cessor control wires are routed, through PCB circuit board,
to coaxial connectors shown around the edge.

QOur Sycamore quantum processor is configured as a
diagonal array of qubits as seen in the schematic of Fig. 1
in the main text. The processor contains 142 transmon
qubits, of which 54 qubits have individual microwave and
frequency controls and are individually read out (referred
to as qubits). The remaining 88 transmons are operated
as adjustable couplers remaining in their ground state
during the algorithms (referred to as couplers).

The qubits consist of a DC SQUID sandwiched be-
tween two metal islands, operating in the transmon

o Y ' ' last two-qubit gate
o A‘_. last single-qubit gate
P * -9 o0 ©® -0 -0
&_ @ last readout
first * _ Lt S

.'.-’-.-.Aig:‘,

<

@ ® ! v »
L]
® @
® single-qubit control ® single-qubit gates
@ coupler control two-qubit gates

® readout

FIG. S10. Optimus calibration graph for Sycamore.
Calibration of physical qubits is a bootstrapping procedure
between different. pulse sequences or “experiments” to extract
control and system parameters. Initial experiments are coarse
and have interplay between fundamental operations and ele-
ments such as single-qubit gates, readout, and the coupler. Fi-
nal experiments involve precise metrology for each of the qubit
operations: single-qubit gates, two-qubit gates, and readout.




Google Sycamore and Quantum Supremacy

Article

Quantum supremacy using a programmable
superconducting processor
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Quantum Advantage from Hefei

Strong quantum computational advantage using a superconducting quantum processor
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QEC on Sycamore
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Latest on Quantum technologies

% PsiQuantum expects commercial ‘Cambridge quantum computing
quantum computer by 2025 m start-up targets global expansion 3
Quantum technologies ( + AddtomyFT )

Try full ace

Bitcoin has ambitions for gold's

role

IBM to build Europe’s first quantum computer

in Germany

Researchers keen to use the technology without sending data to the US

ystem One computer will be operational at a site near Stuttgart from early next year  I8M

Joe Miller in Frankfurt MARCH 13 2020

Technology

Israel Allocates $60 Million to Build First
Quantum Computer

By Yaacov Benmeleh

20214
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GeQCoS Project to Develop German Quantum
Computer Based on Superconducting Qubits
February 1, 2021

JULICH, Germany, Feb. 1 2021 — Building a quantum processor with novel
properties based on superconducting qubits — this is the aim of the four year
project GeQCoS (‘German Quantum Computer based on Superconducting
Qubits’) funded by the German Federal Ministry of Educatien and Research
(BMBF)

s In this joint project, Germany’s leading scientists
CcovID-19 'J JUL'CH in the field of superconducting guantum circuits
Forschungszentrum  N@ve teamed up to develop innovative concepts
for the construction of an improved quantum
Exascale processor. They aim to realize a quantum
processer with improved quality based on new materials and manufacturing

AIMLDL

Specials

pecs methods by the Karlsruhe Institute of Technology (KIT), tailor-made theoretical
Resource concepts of the Friedrich-Alexander University Erlangen Nurnberg (FAU)
Podcast optimized control methods of the Forschungszentrum Jalichs (FZJ) and

concepts for new architectures with higher connectivity at the Walther-
Events MeiRner-Institute (WMI — Bavarian Academy of Sciences and Technical
University of Munich). In order to achieve this goal, semiconductor
manufacturer Infineon will develop scalable manufacturing processes, while
About the Fraunhofer Institute for Applied Solid State Physics (IAF) in Freiburg is
promoting the development of optimized chip packages. The processor
performance will eventually be demonstrated using a specifically developed
quantum algorithm at the WMI

Job Bank

e 0 6 6 6 6 0 0 0 6 0 6 0 0

WM News Focus v  Opinion Education v  Magazine CompanyDirectory Vidd

=
French President Details €1.8b Quantum Plan
@© January 22,2021 Anne-Frangoise Pelé

»gies. The

timportance,” said Macron du

e already joining the leading trio of quantum nations [after the United States and

its Europ: ent, in particular by developing human

Departments Worldwide
Search on GOV.UK Q| Consultations Statistics

- Coronavirus (COVID-19) | National lockdown: stay at home

- Brexit | Check whatyou need to do

Home > Businessand industry » Science and innovation > Research and development

Press release

Government backs UK’s first quantum

computer

The UK's first quantum computer to be commercially
available to businesses will be located in Abingdon in
Oxfordshire

From:

Published: 2 September 2020

The UK's first commercially available quantum computer to be
hosted in Abingdon, backed by £10 million government and
industry investment

quantum computers could help solve issues including accelerating
new drug treatments and improving traffic flow in cities and towns
Science Minister sets out bold new vision for the UK to become the
world’s first quantum-ready economy and launches the new
National Quantum Computer Centre in Oxfordshire

57



Elolsh= M3ls FIMSLIC O Zat Uxieisto| d¥o| Srin
FUME. SHRITE RS2 0] M 2HYol| o2 7HX| SIS XIH3H0I2.

o III.OI'&"‘ AlSi ’*"HI OIf sHzist7| $ish 2 OLAM, OHE Rzl S TeiAHEO| MBS
‘ ON[=1=— =

A *}xl =o| Sl i SaISHAL 31w SAIX}E 2L} o) 47l0] x|
TON ==

= = HRAMT, M| Fo| DfSIRE= ARIHEI0| Brh= T 447|5 UASLICL

Hel Aj7ts = UALE B2 '2iE] Mef ol | 2o
Alsqoz Qlo} 312 Zo| YZO 2 BN Ci2
J ik 32 gy eEZo SNt
Z035H ¥zt @

[N
-  stij e 21=8 7Igolo] 92z
Zo| SiH WS SHBCE <5
a0l SiH WalS AR WS SiEo| Y o1k

S WHE ST MR ST X By
W e cois ni ok 30 ez = 20| $501ZIck, 90° ZI2OIXIR! S 4 otm,
S|RIBH=R|, BZOR BIREHER| FEBIC Yoz WAECE 180" SISIR ek WO Bt MY

g =2 wre o
wg ] (920 oAl ey

Al
I R ENEY S Il i 2ol s

oSt w4

=7 5 Afo|
B shasrcic s woi ace
Tisiciale B Zo| SHE|
ol et 4 gict, B2 xflo|
Zx5t 20018 Hiom Ao| 5P|
ol 24245 4 elct.

yZoz Zo|
AL,

/,

QU
i owel
wv

>

7 B
ol 25014 2
NE7h g Mg
Satgfsioz HRECt

ool = 32
RISl et S
Yo pEgCt £ 32
Q1Zte] FHimt 2HAIgto]
BE3l= 27Hx| B
Yol 2Y=X| edect

opxiestolM
o3t &8

/o 180 3%0
=

= A Afojo] ZH=()

= Zo| 8jH o] 0|0] A Uckn
Ihagai, 5 At Atole] kol K Erel
AT} T2fme] wiot MR LiEfjof sick,
2, AN SRR T2 Yxtfstel Mo|
8CH Zapt Uiy,
ST 5 Yol AUEE BESHE 2L 12 BY
ool Zaprt LI 8oL, 02 SiRto] g1 mict, 1
12 84 22 U0l L yyolct

o
2K
T TR
%‘é}g
(1]

2ol YIS H oDl ATIRT N2,

©
ot 7452 271347 Ad5HM GiEtoH 0
22§ njotl 03542 § £ 42l -

ol2| 9sLick,
4 e CHCHAITFE gt
oxjoisto| A8 ST AR B
SICh B2 57 Aol 48T 9ol B
h2tA S gEo| HolL| Efos| OA5ES
ol 9l fche ~ 3::’: e
NI Saikict. F&500




Bell Inequality

Violation experiment using qiskit runtime
CHSH inequality: (AB) — (Ab) +{(aB) +{ab) < 2

Qubit:

Readout assignment error

Median 2.390e-2
from gqiskit_ibm_runtime import Estimator, Session =
from qiskit.quantum_info import SparsePauliOp
from qiskit_ibm_runtime import Options

backend_lima = "ibmg_lima" Connection:

CNOT error
ZZ = SparsePauliOp.from_list(

("zz",
ZX = SparsePauliOp.from_list([("ZX", 1) Median 1.077e-2
XZ = SparsePauliOp.from_list([("XZ", 1) o

XX = SparsePauliOp.from_list([("XX",

ops = [ZZ, ZX, XZ, XX]
chsh_est_lima = []

option_nothing = Options(optimization_level = @,resilience_level=0, transpilation=dict(initial_layout=[©,1]))
with Session(service=service, backend=backend_lima):
estimator = Estimator(options=option_nothing)
for op in ops:
job = estimator.run(
circuits=[chsh_circuits_no_meas]*len(individual_phases),

observables=[op]*len(individual_phases),

parameter_values=individual_phases)
est_result = job.result()
chsh_est_lima.append(est_result)

6m 48.3s




Bell Inequality

Violation experiment using Qiskit runtime
CHSH inequality: (AB) — (Ab) +{(aB) +{ab) < 2

With mitigation: maximum ~ 2.825

CHSH Inequality Violation

P . e
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CHSH
o]

e s aiiiiieibls”s’ faliitettts ~&— CHSH ibmg-lima
#— CHSH simulation
-gi:'jTB Frmmmmm e —————————— W=l . —o— CHS5H ibmg-lima mitigation .
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