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Microwave quantum optics
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Superconducting circuits
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Superconducting circuits

dissipationless LC circuit... ....canonically quantized

1st mode : 7.63 GHz
Q ~ 10°



Superconducting circuits with Josephson junctions

dissipation-less LC circuit
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transitions observed in 1980’s [Berkeley & Saclay]
strong coupling regime of CQED in 2004 [Yale]



Superconducting circuits with non linear systems

Rydberg atoms _
Organic quantum dots

[pic from CQED group at ENS]

[pic from HQC group at ENS]

Pilezoelectric
oscillator

Semiconductor quantum dots

— [pic from Quantronics grodp. at S.ac.:la;/] ‘

Metallic membrane

| | 60 um

[pic from UCSB group]

[pic from ETH group]
[pic from Boulder group]



Superconducting circuits with Josephson junctions

dissipation-less LC circuit
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[Yale 2012,
Sherbrooke & IBM 2012,
Aachen & IBM 2014]




Non-linear superconducting circuits

Strongly anharmonic
o> K

qubit Awd, /2

First Rabi oscillations in 1999 [NEC group]
Quantronium in 2002 [Saclay group]

Charge qubit, phase qubit [Grenoble & others], flux qubit,

transmon [Yale, ETH & others], fluxonium, Xmon...

Weakly anharmonic
a << K

oscillator Awa'a
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Parametric amplifiers & squeezing
in 1980’s [Bell Labs]



Non-linear superconducting circuits

Weakly anharmonic
a << K

oscillator Awa'a
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Degenerate parametric amplification

H = hwop'p — hap'p'pp/2

= VG'Re(0,,) + —=Tm(a,,)

[Bell Labs, 1989]
[Boulder, 2007]
[Chalmers, 2010]
[ETH Zurich, 2011]
[Berkeley, 2011]
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Three wave mixing at micro-wave frequencies




Three wave mixing at micro-wave frequencies

Pump@
77

|

Central inductor enables to operate the
device on a larger flux range

—> frequency tunability

[Roch, Flurin et al., PRL (2012)]

improvement on

[Bergeal et al., Nature (2010)]
[Bergeal et al., Nature Physics (2010)]



Realization

Al microstrips
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[ aluminum [ Josephson junctions




Parametric down-conversion mode

Quantum limited amplifier
Entanglement source

Unitary evolution

2-mode squeezing operator

Sv _ eTCALJr[ADT —r*ab




Josephson mixer
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Josephson mixer
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Josephson mixer as an amplifier
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Quantum limited phase preserving amplifier
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Josephson mixer as an amplifier
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Gain = 20dB
Bandwidth = 10 MHz
Tunability > 400 MHz

[Roch et al., PRL (2012)]

System efficiency > 80%
[Campagne et al., PRX (2013)]

J
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Lumped version

Gain =20 dB
Bandwidth > 50 MHz
P1dB =-104 dBm
Tunabllity = 1 GHz

[Pillet et al., in prep. (2014)]
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EPR state generation

Amplified vacuum noise




EPR state generation




EPR state generation
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Entanglement measurement

EPR) = S]0),|0), > Entanglement witness

. J

4 )

entanglement

withess
LA I EPR)
W 7N

# e-bit




Generation and measurement of entangled beams

Entangler Witness ﬁ

Pump



Josephson Mixer as Entanglement witness

Entanglement witness
sufficient criterion for input entanglement
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EPR: Entanglement measurement
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Can we do something useful of CV-entanglement?

quantum network

e )
quantum node Distribution of
entanglement generation :{> entanglement
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Kimble et al., Nature (2008)



Quantum memory for microwaves

m—ce ?\

memory cavity b
3D superconducting
cavity for
enhanced storage
time




Quantum memory for microwaves

\

Fast tunable coupling
Josephson Ring




Quantum memory for microwaves

buffer cavity (1

bandwidth \
VS
efficiency ~




Entanglement generation
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Covariance matrix and entanglement
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[Flurin et al., ArXiv (2014)]
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H‘ Entanglement
threshold

FPGA board

2 30 millions measurements in 5 min
[as in Eichler et al., PRL 2011]



Non-linear superconducting circuits

Strongly anharmonic
o> K

qubit Awd, /2

First Rabi oscillations in 1999 [NEC group]
Quantronium in 2002 [Saclay group]
Charge qubit, phase qubit [Grenoble & others], flux qubit,
transmon [Yale, ETH & others], fluxonium, Xmon...



Circuit-QED




Measurement based feedback

feedback



Measurement based feedback

Cavity state: CQED group at ENS (2011)
Qubit state: Berkeley (2011) & Delft (2012)

feedback




What Is needed for measurement based feedback?

( N
environment
F (uncontrolled)

J

4 Ly>T
measurement
r M

|solate the system '\
Improve measurement rate U'ar /

Decrease actuation delay




Dispersive readout
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What Is needed for guantum feedback?

( N
environment
Control F (unCOHtl’Olled)
slower than Xqgq g
<100 MHz Mmeasurement
|solate the system '\ best < 10 kbit/s
Improve measurement rate I'ar / 2 Mbit/s

Uin UAout

Decrease actuation delay

by, = b

out




closing the feedback loop: FPGA board

120 ns

- — 4/—[ g)

FPGA controller
s n wdt

<L6nsi 160 ns '\  best < 10 kbit/s

D

ADC

_( ' 360 ns

L'y 7 2 Mbit/s
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Stabilizing

Without stabilization

[Campagne-Ibarcq et al.,
PRX 2013 (Paris)]




Stabilizing L2<\o> (1)
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measurement feedback

76% purity on average

92% purity right after feedback [Campagne-Ibarcq et al.,
PRX 2013 (Paris)]




Stabilizing Rabi oscillations

80 % state purity on
average

vs 35% with analog version
and weak measurement

[Campagne-Ibarcq et al., PRX 2013, ENS Paris]




Fluorescence with past and future information

1.5} exp 1.9} thy
+ Monitoring fluorescence in time - -
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[Campagne et al., PRL 2014]



vr (MHz)

Fluorescence with past and future information

+ Monitoring fluorescence in time

- Time-reversal symmetry between
preparation and post-selection even

with decoherence

1.5 exp 1.5} thy
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0.5 0.5
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Y05 1 15 2 0 05 1 1.5 2
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M
0 T
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» Interference between past and future quantum states

+ Non-classical weak values
+ Direct probing of a non-Hermitian operator

[Campagne et al., PRL 2014]



Summary
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Ongoing projects

Quantum Zeno Dynamics of a
microwave mode

2 0 2
Re(a) —1/m 0 1/7 2/m
e SO . .
Y 2 O Unravelling a quantum jump by
5 / ( measuring fluorescence only

h O >
l FPGA 7\7[;
classical channel

%) W W
B o0 &5

gquantum channel

Quantum teleportation and
remote state preparation
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