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Quantum Networks

quantum channels
transport / distribute
quantum entanglement

quantum sites
generate, process, and store
quantum information

General goal: To implement various quantum information
protocols using distributed physical resources

“The quantum internet’, H.J. Kimble, Nature 453, 1023 (2008)



Quantum Information

/

new technologies

° quantum computation

— new way to compute
—> potential for great impact

* quantum communication
= ultra-security

* quantum sensing

= ultra-sensitivity

™

new frontier of physics

* quantum correlated

systems at larger scales
(N>>2)

* foundations of quantum
mechanics

 new level of control of
physical systems



* well-controlled systems
* well-stablished experimental techniques
* 00d agreement theory X experiment

/ — = —~ T
Atomic + Quantum + Quantum

Physics Optics Information
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Ideal for quantum engineering
and tests of fundamental concepts

* new problems
* new approach
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USA: quantum entanglement networks

DC-QN et Chicago expands and activates quantum network, taking

SthS toward a secure quantum internet
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Extended DataFig.1|Hardwareat therelay nodes of thebackbone network. a, Overview of the typical hardware. b, QKD devices. ¢, Control and classical
communication devices. SPD, single-photon detector; PDU, power distribution unit.
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Satellite network up to 2030



Payload Solar panels
compartment

Ground control Ground optical
terminal terminal

Nature | Vol 640 | 3 April 2025 | 47 ot
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Microsatellite-based real-time quantumkey
distribution

Satellite attitude
control module
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Europe
o | OPCII < QKD

Commission

Shaping Europe’s digital future Contribute to quantum cryptography standardization and security certification efforts

Lay the foundations for a Pan-European Quantum Network
The European Quantum Communication Infrastructure (EuroQCl)
Initiative Kick-start a competitive European QKD industry
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European
Commission

m Cross-border connection of EU capitals using fibre networks for
ultra-secure exchange of cryptographic keys, authentication,
time & frequency distribution, ...
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Quantum networks with cold atoms
— light-matter interfaces
— quantum memories
— quantum entanglement networks
— quantum communication + processing
— Not focused on quantum cryptography

Infrastructure for a
multi-purpose
quantum internet




Program

Part I: networks based on
cavity Quantum Electrodynamics

Part ll: networks based on
atomic collective states

Part lll: Recife Quantum Network



Part |

networks based on
cavity Quantum Electrodynamics

Nobel 2012

Focus of this part
micro-waves optics

Walther, |[Haroche Kimble, Rempe, ...




atom-cavity coupling



Cavity

Transmission Spectrum of an Optical Cavity (Length L=43 um)

FSR=
3 THz

LA L]

852. 4 nm

Cs Line



Cavity + atom

ma = atomic resonance frequency

wc = Cavity resonance frequency
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Strong Coupling

realistic model Strong coupling
B regime
Open Quantum System
dissipation rates (decoherence) @

go > > (79 2% T_l)

4

strong interaction
1 atom < 1 photon

a4

o
l kgl/
y o\
"extreme" quantum

Kk = decay rate of the cavity field dynamics

A

y = radiative decay rate of excited atomic state
(for modes = cavity)

T = atom flight time through the cavity



Cavities in the lab (old Caltech system)

2
LW ]
S0 = ( ) oC VMI/2

2he 0 VM

(] P

Mirrors

L =43 um = Cavity length
@y = 15 pm = mode waist

!

go = 2 x 32 MHz

decay rates
v = V2T X 2.0 MHz (caesium atom)

High finesse cavit = 4.2 x 10°
k=21 x 3.3 MHz (re?lectivity ofmirrgrs Iio.9999984)0
First experiments ———> T=04us ——> T'=25MHz
current experiments ——> T>1s ——> T'<1Hz
McKeever ef al., Phys. Rev. Lett. 90, 133602 (2003)



Strong Coupling:
experimental signature

e (:C ) = ' photo-detector

probe laser
transmission _

empty cavity (g = 0)
1.0 ” - With atom (g = 0)

very low powers

56
\
AX

| 0)

vacuum-Rabi splitting

G. S. Agarwal, Phys. Rev. Lett. 53, 1732 (1984)



idea of a quantum network



Application example:
Emission of 1 photon from an "empty" cavity

1-photon state
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Highlights of this "photon generation" process:

- Stationary photons are mapped 1 to 1 on traveling photons

- The process is a deterministic mapping from "inside" to "outside"

- The temporal shape of the photonic wavepacket is controlled via R(t)




I-photon state Quantum State Transfer from

1) Cavity A to Cavity B

A

Mirror reflectivity
R(?)

time 1-photon state

)

Mirror reflectivity
Rp(?)




Quantum state transfer between Atom, Cavity Field,

and Propagating Field
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A. S. Parkins, P. Marte, P. Zoller, & H. J. Kimble, Phys. Rev. Lett. 71, 3095 (1993)
J. 1. Cirac, P. Zoller, H. J. Kimble, & H. Mabuchi, Phys. Rev. Lett. 78, 3221 (1997)

A. Kuhn, M. Hennrich, T. Bondo, & G. Rempe, Appl. Phys. B 69, 373 (1999)



cQED-based Quantum Networks
J. I. Cirac, P. Zoller, H. J. Kimble, & H. Mabuchi, Phys. Rev. Lett. 78, 3221 (1997)

* Internal atomic states store quantum information locally.
* Strong coupling in cQED is exploited for state transfer between matter and light.

1st work that discusses
gquantum networks!

f

Q(—t)
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g
Q(t)
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3)
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Z

This single-photon generation scheme is inherently
coherent and reversible
enabling protocols for the realization of quantum networks




VOLUME 75, NUMBER 21 PHYSICAL REVIEW LETTERS 20 NOVEMBER 1995

Decoherence, Continuous Observation, and Quantum Computing: A Cavity QED Model

T. Pellizzari, S. A. Gardiner, J.I. Cirac,* and P. Zoller

Institut fiir Theoretische Physik, Universitir Innsbruck, 6020 Innsbruck, Austria
(Received 27 June 1995)
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Quantum State Exchange®
Combining stationary and traveling qubits to realize quantum
networks for distributed quantum communication and computing

hv

I...\.

Q(t)

*J. 1. Cirac, S. J. Van Enk, P. Zoller,
H. J. Kimble, and H. Mabuchi, Physica Scripta T76, 223 (1998)

O(-t)




Scalable Quantum Networks enable Quantum Repeater Architectures™
H.-J. Briegel, W. Diir, J. I. Cirac, & P. Zoller, Phys. Rev. Lett. 81, 5932 (1998).

Station A Quantum
X repeater C2
am— A O -
AN _J/
Y Y
entangled entangled v,
——
entangled
Requirements
- Light-matter interface
LAS - Quantum memory
Do

5 $ - Elementary logic gates
Station B

* H.-J. Briegel, S. J. van Enk, J. I. Cirac, P. Zoller,
em7The Physics of Quantum Information, D. Bouwmeester et al., eds. (Springer, Berlin, 2000).




experimental pathway
to strong coupling



VOLUME 68, NUMBER 8

PHYSICAL REVIEW LETTERS

24 FEBRUARY 1992

Observation of Normal-Mode Splitting for an Atom in an Optical Cavity

R. J. Thompson, G. Rempe, and H. J. Kimble

Optical

Experimental apparatus
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Limitations:

Cavity transmission
spectrum in the weak
field limit
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(ﬂ)p"l+)(mp_l-)

T(mp) =T

Frequency Q [MHz]

Short time of flight (T~0.4 us)
fluctuations in the number of atoms (average ~ 1)

4

J. J. Childs, K. An, M. S. Otteson, R. R. Dasari, & M. S. Feld, Phys. Rev. Lett. 77, 2901 (1996)




Magneto-Optical Trap(MOT)

m=0 — , | f (J=0)

2 X 10°8Rb , Temperature < 100 uK



VOLUME 80, NUMBER 19 PHYSICAL REVIEW LETTERS 11 May 1998

Real-Time Cavity QED with Single Atoms

C.J. Hood, M. S. Chapman, * T. W. Lynn, and H.J. Kimble

Cesium MOT
S
Smm Mirror
Y X Surfaces Balanced
Z Heterodyne
Detection
Probe Beam

I
50

200

1(11) 150
Al2r (MHz)

better time of flight T ~ 100 us

still average in the number of atoms

transmission (dB)




VOLUME 82, NUMBER 19 PHYSICAL REVIEW LETTERS 10 MaYy 1999

Dynamics of Single-Atom Motion Observed in a High-Finesse Cavity

P. Miinstermann, T. Fischer, P. Maunz, P. W. H. Pinkse, and G. Rempe
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VOLUME 83, NUMBER 24 PHYSICAL REVIEW LETTERS 13 DECEMBER 1999

Trapping of Single Atoms in Cavity QED

J. Ye,* D.W. Vernooy, and H. J. Kimble Upstairs chamber:

Cloud .
ou collection MOT, 108 torr

~ 10° cesium atoms

T=10>K ::;3

S 2

Cooling Beams

I

Far Off Resonance Trap . ,
(FORT) p . UHYV downstairs chamber: 10-19 torr

~ 102 seconds for collision lifetime
F «x —VI(r) 43 um

Life time: T~28ms



_— . . week endin
YOLUME 90, NUMBER 13 PHYSICAL REVIEW LETTERS 4 APRIL 2003

State-Insensitive Cooling and Trapping of Single Atoms in an Optical Cavity

J. McKeever, 1. R. Buck, A.D. Boozer, A. Kuzmich, H-C. Négerl, D. M. Stamper-Kurn, and H. J. Kimble
Life time: T~3s

ARTICLES

Vacuum-stimulated cooling of single atoms
IN three dimensions

STEFAN NUBMANN, KARIM MURR, MARKUS HIJLKEMA, BERNHARD WEBER, AXEL KUHN AND
GERHARD REMPE*

122 nature physics | VOL 1 | NOVEMBER 2005 | www.nature.comynaturephysics
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reek endi
PRL 93, 233603 (2004) PHYSICAL REVIEW LETTERS 3 DECEMBER 2004

Observation of the Vacuum Rabi Spectrum for One Trapped Atom

A. Boca, R. Miller, K. M. Birnbaum. A. D. Boozer, J. McKeever, and H. J. Kimble

to Detectors
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PRL 94, 033002 (2005) PHYSICAL REVIEW LETTERS

week ending
28 JANUARY 2005

Normal-Mode Spectroscopy of a Single-Bound-Atom-Cavity System

P. Maunz, T. Puppe, 1. Schuster. N. Syassen. P. W. H. Pinkse. and G. Rempe
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Deterministic generation of single photons
J. McKeever, A. Boca, D. Boozer, R. Miller, J. Buck, A. Kuzmich, HIK, Science 303, 1992 (2004)
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g ///’/ 4
~ g “ .Qg, Gauss.ian
O Q3(t) O Spacial
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~< strong coupling
' PS F=4)
F = 3) Efficiency = 100%
) »10 ps P
Life time: T ~ 3s
QO Q, QO Q, QO Q, —
1us Suyus

ADIABATIC TRANSFER via DARK EIGENSTATES
A. S. Parkins, P. Marte, and P. Zoller, and H. J. Kimble, Phys. Rev. Lett. 71, 3095 (1993)




Correlation functions: How do we know that they are single photons?

Weak laser pulses

(Classical Coherent State)
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0 20 40
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1-photon source
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Experimental
Results

Suppression of

two-photon events:

R=20.8 =1.8

L relative to coherent states

i1 But, worse than expected due to
| ﬂ ;*ﬂ | LI | the small probability of having 2

-40 -20 0 20 40 atoms in the cavity




VOLUME 89, NUMBER 6 PHYSICAL REVIEW LETTERS 5 AUGUST 2002

Deterministic Single-Photon Source for Distributed Quantum Networking

Axel Kuhn, Markus Hennrich, and Gerhard Rempe
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LETTERS

A single-photon server with just one atom

MARKUS HIJLKEMA', BERNHARD WEBER', HOLGER P. SPECHT", SIMON C. WEBSTER', AXEL KUHN?

AND GERHARD REMPE™*

"Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany
2Department of Physics, University of Oxford, Clarendon Laboratory, Parks Road, Oxford 0X1 3PU,
*e-mail: gerhard.rempe@mpq.mpg.de

Nature Phys. 3, 253 (2007)
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moving forward to a quantum
network



12 APRIL 2012 | VOL 484 | NATURE | 195

An elementary quantum network of
single atoms in optical cavities

Stephan Ritter', Christian Nélleke!, Carolin Hahn', Andreas Reiserer!, Andreas Neuzner', Manuel Uphoff', Martin Miicke',
Eden Figueroa', Joerg Bochmann't & Gerhard Rempe'
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CNOT logic gate

PHYSICAL REVIEW X 8, 011018 (2018) C L
| |
. [
Photon-Mediated Quantum Gate between Two Neutral Atoms !
in an Optical Cavity @ Vit
Stephan Welte,* Bastian Hacker, Severin Daiss, Stephan Ritter,+ and Gerhard Rempe R
Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany AVAVAY
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The conversion of phase to amplitude fluctuations of a light beam by an
optical cavity

Alessandro S. Villar?
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CNOT logic gate

PHYSICAL REVIEW X 8, 011018 (2018)

PRL 118, 210503 (2017)

PHYSICAL REVIEW LETTERS

week ending
26 MAY 2017

Photon-Mediated Quantum Gate between Two Neutral Atoms

in an Optical Cavity
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CNOT logic gate
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Photon-Mediated Quantum Gate between Two Neutral Atoms
in an Optical Cavity
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A quantum network node with crossed optical
fibre cavities

Manuel Brekenfeld ©®'4, Dominik Niemietz', Joseph Dale Christesen'? and Gerhard Rempe'
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other cavity QED systems



cQED in ion traps

New perspectives with an
ion-based system

4

Better controlled atomic
system: more advanced
atomic clocks and quantum
computers

letters to nature

Continuous generation of single
photons with controlled waveform
in an ion-trap cavity system

Matthias Keller', Birgit Lange', Kazuhiro Hayasaka’, Wolfgang Lange'
& Herbert Walther'*

' Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse 1,

85748 Garching, Germany

*National Institute of Information and Communications Technology, 588-2
Iwaoka, Nishi-ku, Kobe 651-2492, Japan

3Sektion Physik der Universitit Miinchen, Am Coulombwall 1, 85748 Garching,
Germany
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cQED with nano-emitters

VOLUME 89, NUMBER 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 2002

Efficient Source of Single Photons: A Single Quantum Dot in a Micropost Microcavity

Matthew Pelton,* Charles Santori, Jelena Vukovié, Bingyang Zhang,” Glenn S. Solomon,*
Jocelyn Plant, and Yoshihisa Yamamoto"
Quantum Entanglement Project, ICORP, JST, E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305
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Vacuum Rabi splitting with a
single quantum dot in a
photonic crystal nanocavity

T. Yoshie', A. Scherer', J. Hendrickson’, G. Khitrova®, H. M. Gibbs?,
G. Rupper?, C. EII%, 0. B. Shchekin® & D. G. Deppe’

'Electrical Engineering, California Institute of Technology, Pasadena, California
91125, USA

2Optical Sciences Center, The University of Arizona, Tucson, Arizona 85721, USA
> Microelectronics Research Center, Department of Electrical and Computer
Engineering, The University of Texas at Austin, Austin, Texas 78712, USA
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Figure 4 Dot—nanocavity vacuum Rabi splitting. a, Near-zero-detuning PL spectra
(different run from Fig. 3b), showing double-peaked emission. Temperature is scanned in
0.5K steps, from 15K at the top to 19.5K at the bottom; 0.78 uW and 60 s average. b,
Plot of analytic expression for zero-detuning emission using g = 20.6 GHz = 0.096 nm,
k =42.3GHz = 0.197 nm, v = 21.5GHz = 0.1 nm.
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Figure 1 Photonic crystal nanocavity. a, Diagram. Half of a hexagon-shaped array of
holes forming a nanocavity; scale is ~5 wm across at the cut. b, Scanning electron
micrograph of a fabricated nanocavity, showing the hole spacing a, hole diameter 2r, and
shift s of the two holes at the ends of the ‘spacer’ formed by omitting three holes.

¢, Computed optical field magnitude superimposed on the nanocavity structure. The scale
bar shows the normalized amplitude of the electric field, |£]/max(| £]). Also shown are a
horizontal slice (above main panel) and a vertical slice (left of main panel) through the
centre of the spacer.
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Figure 2 Quantum dots and cavity modes. a, Atomic force microscope profile of a layer of
InAs QDs similar to the layer used but without layers above. The typical dot size is ~25 nm
diameter and 3—4 nm height, and the dot density is 300-400 um 2. b, QD ensemble
photoluminescence for high excitation power, showing both the lowest (1,175-1,250 nm)
and first excited (1,100-1,150 nm) transitions. ¢, PL from the three nanocavities with
the highest values of @ (uncorrected for ~0.04-nm instrument width). Averaging time:
0.1s for left two peaks; 0.5 for right.
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Quandela develops a unique
Quantum Computing platform
based on Photonic Qubits
generated by efficient
quantum light sources.
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A scheme for efficient quantum
computation with linear optics

E. Knill*, R. Laflamme* & G. J. Milbumf

* Los Alamos National Laboratory, MS B265, Los Alamos, New Mexico 87545, USA

T Centre for Quantum Computer Technology, University of Queensland, St. Lucia, Australia

ceeee

Quantum computers promise to increase greatly the efficiency of solving problems such as factoring large integers, combinatorial
optimization and quantum physics simulation. One of the greatest challenges now is to implement the basic quantum-
computational elements in a physical system and to demonstrate that they can be reliably and scalably controlled. One of the
earliest proposals for quantum computation is based on implementing a quantum bit with two optical modes containing one
photon. The proposal is appealing because of the ease with which photon interference can be observed. Until now, it suffered from
the requirement for non-linear couplings between optical modes containing few photons. Here we show that efficient guantum

computation is possible using only beam splitters, phase shifters| single photon sources jand photo-detectors. Our methods exploit
feedback from photo-detectors and are robust against errors from photon 0SS and detector inefficiency. The basic elements are

accessible to experimental investigation with current technology.

* Original proposal is hard to scale up due to rapid increase in required
physical resources, but proposals along these lines have evolved since then.




Ready for large-photon number applications.

(QUANDELA , s e

1 GHz : 2 0 MHz
I RO M E I H E U s Ultra fast clock operation of the source Typical Single-photon generation rate per

second

The leading standalone quantum-
dot based single-photonSource 94% 17% 025

Indistinguishability Minimal brightness Single-photon emission
wavelengths
(780/925/155@0nm)

OPEN ACCESS
10P Publishing | Bureau International des Poids et Mesures Metrologia
Metrologia 61 (2024) 054001 (9pp) https://doi.org/10.1088/1681-7575/ad615e

Metrological characterization of a
commercial single-photon source with
high photon flux emission

Hristina Georgieva'*(®, Petr Stepanov’, Leonora Sewidan', Anton Pishchagin?,
Marco Lépez' and Stefan Kiick'

! Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany
2 Quandela SAS, 7 Rue Léonard de Vinci, 91300 Massy, France
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Quantum Josephson Junctions

VOLUME 55, NUMBER 15

PHYSICAL REVIEW LETTERS

7 OCTOBER 1985
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Energy-Level Quantization in the Zero-Voltage State

John M. Martinis, Michel H. Devoret,® and John Clarke

Department of Pnysics, URIVersity of Calljornia, Berkeiey, Calljornia 94720, ana viaierials

of a Current-Biased Josephson Junction

Research Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

We report the first observation of quantized energy levels for a macroscopic variable, namely the
phase difference across a current-biased Josephson junction in its zero-voltage state. The position
of these energy levels is in quantitative agreement with a quantum mechanical calculation based on

(Received 14 June 1985)

parameters of the junction that are measured in the classical regime.
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Fig. 1| The Josephson junction and its measurement circuit. a, Schematic of a cross-strip Josephson

superconducting tunnel junction. Our devices consist of a Nb base electrode and a top Pbln alloy

electrode separated by a ~1-nm thick Nb-oxide layer formed by plasma-oxidation of the base electrode.
b, Circuit schematic of a Josephson element (cross) shunted by a capacitance C and resistance R, and
connected to both static bias (/3) and microwave (/) current sources. The voltage V across the junction
is measured by a low-noise audio-frequency amplifier chain represented symbolically. Panel b adapted

with permission from ref. 2, APS.

ommant | Published: 02 March 2020

Quantumjosephson junction circuits and the dawn

of artificial atoms
John M. Martinis, Michel H. Devoret & John Clarke =7

Nature Physics 16, 234-237(2020) | Cite this article
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Fig. 2 | Cubic potential in which the macroscopic
phase difference é of the junction evolves
quantum mechanically. Microwave irradiation at
frequency £2/2xr induces transitions between the
energy levels that quantum mechanics predicts
to exist in the well. These transitions are detected
by enhancement of the tunnelling rate, measured
in the configuration of Fig. 1b. The transition
frequencies are comparable with the plasma
frequency w,/2x. Figure adapted with permission
from ref. >, APS.
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Fig. 3 | Resonances induced by microwaves at
2.0 GHz. a, [I'(P) — I'(0)1/I(0) versus [ for an
80 x 10 pm? junction at 28 mK (ks T/h2 = 0.29).
Arrows indicate positions of resonances.

Inset: corresponding transitions between energy
levels. b, Calculated energy level spacings

E, .4 versus | for Iy =30.572 + 0.017 pA and

C =470 + 3.0 pF. Dotted lines indicate
uncertainties in the 0—1 curve due to
uncertainties in I, and C. Arrows indicate

values of bias current at which resonances are
predicted. Figure reproduced with permission
from ref. °, APS.



Jaynes-Cummings Model

free cavity

Hic = hw.a'a

Free transmon

Anharmommty: will be neglected for a
situation of near-resonance

%;T . | ————_ |ateral excitation

~

A A A
Fig. 1| Realizations of circuit QED. a, Schematic representation of H . — € ( t) (bT _|_ b)
a superconducting transmon qubit (green) coupled to a 1D transmission- drlve

line resonator. The transmon is formed by two superconducting

islands connected by a Josephson junction. With lateral dimensions

(~300 pm) much smaller than that of the resonator (-1 cm), multiple I nte ra Ctlon

transmons can be fabricated in the same resonator (not shown). The input

A A
and output ports of the resonator are shown in grey. The orange lines - A "‘ A "‘
and arrows illustrate the electric field distribution for the resonator’s H . _ hg (a —|— a) ( b —|— b)
second mode. b, Lumped-element version where an LC circuit (blue) Coupllng

plays the role of the oscillator. The voltage source (grey) is used to control
the quantum state of the transmon (green). ¢, Three-dimensional coaxial
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Quantum information processing and quantum At s .
optics with circuit quantum electrodynamics Hic = hwya'a +—26, + hg( a6 + a0+)

Alexandre Blais ®"23%, Steven M. Girvin ©*° and William D. Oliver5”#



vacuum-Rabi splitting

a

0.10 ; X

| |
S 008 -
g Lo letters to nature
g 0.06 [
8 [ - -
: oo P Strong coupling of a single photon
§ oo to a superconducting qubit using
0 circuit quantum electrodynamics
6.02 6.03 6.04 6.05 6.06 6.07
Frequency (GHz) A. Wallraff', D. I. Schuster’, A. Blais', L. Frunzio', R.- S. Huang'~,
b c J. Majer', S. Kumar', S. M. Girvin' & R. J. Schoelkopf'
i ' Departments of Applied Physics and Physics, Yale University, New Haven,
Connecticut 06520, USA
Department of Physics, Indiana University, Bloomington, Indiana 47405, USA
”\T %_
5 NATURE | VOL 431 |9 SEPTEMBER 2004 | 4162
% g 2g
8
g
- 2 Vol 45417 July 2008|doi:10.1038/nature07112 nature
0598 0.602 0.606 0 0025 005 |— ET T E R S
Flux bias, ®/®, Transmission, T/T ..

Fig. 2| V. Rabi splitting. a, Ti issi t f o o o o
tansmisson-fn resonator o 2 functionof th mput rive recuency Climbing the Jaynes-Cummings ladder and observing

displaying clear vacuum Rabi splitting. The solid blue line is measured at 4 4 4 : <

the qubit-resonator resonance A = O while the dashed red line shows the Its \/ﬁ nonllnearlty n a caVIty QED SYStem
spectrum measured at strong detuning |A| = |wq — @(| > g where only
the resonator is probed. b, The resonator transmission spectra versus drive
frequency v and external flux bias @/®,, where @, is the flux quantum.
The flux bias is used to tune the qubit frequency and allows mapping of the
full qubit-resonator anti-crossing. Blue corresponds to low transmission

J. M. Fink!, M. Goppl', M. Baur, R. Bianchetti', P. J. Leek’, A. Blais® & A. Wallraff’

'Department of Physics, ETH Ziirich, CH-8093 Ziirich, Switzerland. “Département de Physique, Université de Sherbrooke, Sherbrooke, Québec JIK 2R1, Canada.
315

and red to high transmission. The solid white line correspond to the dressed
qubit-resonator energies, while the dashed white lines indicate the bare g ’)/

resonator frequency v, = w,/2n and qubit transition frequency v, = ,/2x - 5 -

with its flux dependence. ¢, Resonator transmission at the flux bias indicated - 1 4 M H Z >> - 2 . 6 M H Z
by the arrows in b and corresponding to qubit-resonator resonance. The 2 T[ 2 T[

vacuum Rabi splitting is clearly observed. Panels adapted with permission

from: a, ref. &, Springer Nature Ltd; b,c, ref. '°, Springer Nature Ltd.



Cavity quantum electrodynamics for superconducting electrical circuits:

Computer Architectures

PHYSICAL REVIEW A 69, 062320 (2004)

An architecture for quantum computation

Alexandre Blais,1 Ren-Shou Huang,l’2 Andreas Wallraff,1 S. M. Girvin,1 and R. J. Schoelkopf1
1Departmem‘s of Physics and Applied Physics, Yale University, New Haven, Connecticut 06520, USA

2Department of Physics, Indiana University, Bloomington, Indiana 47405, USA

Quantum-information processing with circuit quantum electrodynamics

Alexandre Blais,l‘2 Jay Gambetta,1 A. Wallraff,l‘3 D. L Schuster,1 S. M. Girvin,1 M. H. Devoret,1 and R. J. Schoelkopf1
]Departments of Applied Physics and Physics, Yale University, New Haven, Connecticut 06520, USA
2Déparlement de Physique et Regroupement Québécois sur les Matériaux de Pointe, Université de Sherbrooke,

PHYSICAL REVIEW A 75, 032329 (2007)

Sherbrooke, Québec, Canada JIK 2R1
3Department of Physics, ETH Zurich, CH-8093 Ziirich, Switzerland

Parameter Symbol 3D optical 3D microwave 1D circuit @

Resonance or transition frequency w/2m, Q27 350 THz 51 GHz 10 GHz

Vacuum Rabi frequency g/, glw, 220 MHz, 3 X 1077 47 kHz, 1 X 1077 100 MHz, 5% 1073 . .
Transition dipole dl/ea ~1 1x103 2x10* Arb |tra Il Iy
Cavity lifetime 1/x,0 10 ns, 3 107 1 ms, 3x108 160 ns, 10*

Atom lifetime 1/y 61 ns 30 ms 2 us CO m p I eX
Atom transit time Hiransit =50 us 100 us o .

Critical atom number No=2yk/g* 6x1073 3%x107° <6Xx107 a rCh Ite Ctu reS
Critical photon number my=v12g> 3x107* 3x1078 <1x10°°

Number of vacuum Rabi flops NRabi=28/ (k+7) ~10 ~5 ~10?




PHYSICAL REVIEW APPLIED 8, 034021 (2017)

Scalable Quantum Circuit and Control for a Superconducting Surface Code

R. Versluis,"” S. Poletto,”* N. Khammassi,” B. Tarasinski,>* N. Haider,"* D.J. Michalak,’
A. Bruno,z’4 K. Bertels,3’4 and L. DiCarlo**
'Netherlands Organisation for Applied Scientific Research (TNO),
P.O. Box 155, 2600 AD Delft, The Netherlands
2QuTech, Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands
3Computer Engineering, Delft University of Technology, Mekelweg 4, 2628 CD Delft, The Netherlands
*Kavli Institute of Nanoscience, Delft University of Technology,
P.O. Box 5046, 2600 GA Delft, The Netherlands
SComponents Research, Intel Corporation, 2501 NW 229th Avenue, Hillsboro, Oregon 97124, USA
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Engineering cryogenic setups for 100-qubit
scale superconducting circuit systems

S.Krinner""®, S. Storz', P.Kurpiers', P. Magnard', J. Heinsoo', R. Keller!, J. Litolf', C. Eichler' and A. Wallraff!

Drive  Flux Pump Output

™ Isolator - Low-pass filter © Circulator
> TWPA  \ Band-pass filter Dir. coupler
B> HEMT  ~~ Eccosorb filter Termination

B Thermalization of outer conductor



