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Example 1 : Quantum jumps of a qubit

System = qubit Detector = perfect photon counter
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Quantum jumps

since 1986 in trapped ions
[Wineland group, Boulder 
Dehmelt groupe, Seattle

Toschek group, Hambourg]

hard to collect             use an ancillary detector

Rydberg atom probing cavity jumps
[Haroche group, Paris (2007)]

Cavity probing qubit jumps
[Siddiqi group, Berkeley (2011)]
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Superconducting circuit

dissipationless LC circuit ...                               
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Superconducting Circuits

Josephson Junction

Non linear dissipationless inductor
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Superconducting circuits with Josephson junctions

3 µm

dissipation-less non linear LC circuit

transitions observed in 1980’s [Berkeley & Saclay]
strong coupling regime of CQED in 2004 [Yale]
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Superconducting circuits with Josephson junctions
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Superconducting circuits with non linear systemsTrapped ions 
[Georgia Tech] Spins in semiconductors 

[UCSB]

Neutral atoms 
[Max Planck Inst., Garching]

Superconducting qubits 
[ETH Zurich]
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Cavity QED with Rydberg atoms  
[ENS Paris]

Electromechanical resonators 
[Boulder]

Quantum systems under control

Rydberg atoms

[pic from CQED group, College de France Paris]
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Ferromagnetic
magnons

[pic from Nakamura-Usami group, Univ. Tokyo]
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[UCSB]
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Cavity QED with Rydberg atoms  
[ENS Paris]

Electromechanical resonators 
[Boulder]

Quantum systems under control

Rydberg atoms

[pic from CQED group, College de France Paris]

NV centers

[pic from Quantronics group, CEA Saclay]

5

b

2 µm

FIG. 1. Schematic description of the experiment. a, Colorized optical micrograph of the microwave resonator formed by a spiral
inductor shunted by a parallel-plate capacitor. b, Colorized scanning electron micrograph shows the upper plate of the capacitor is
suspended �50 nm above the lower plate and is free to vibrate like a taught, circular drum. The metallization is sputtered aluminum
(blue) patterned on a sapphire substrate (black). c, This circuit is measured by applying microwave signals near the electrical resonance
frequency through resistive coaxial lines. The outgoing signals, in which the mechanical motion is encoded as modulation sidebands of
the applied microwave tone, is coupled to a low noise, cryogenic amplifier via a superconducting coaxial cable. Cryogenic attenuators
on the input line and isolators on the output line ensure that thermal noise is reduced below the vacuum noise at microwave frequencies.

Metallic membrane

[pic from Lehnert group, JILA Boulder]

Semiconductor 
quantum dots

[pic from Wallraff group, ETH Zurich]
Propagating phonons

[pic from Delsing group, Chalmers UT]

Electrons on 4He

[pic from Shuster group, Chicago]

Andreev Bound States

[pic from Quantronics group, CEA Saclay]

[pic from Kontos group, ENS Paris]

Spins in CNT

Graphene membrane

[pic from Steele group, TU Delft]
[pic from Saclay group]

DC biased junction
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3D transmon architecture
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Dispersive Measurement
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âin(t) â
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V (t) = I(t) cos(2⇡fct) +Q(t) sin(2⇡fct)
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Dispersive Measurement
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Quantum jumps
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similar to [Vijay et al., PRL 2011 (Berkeley)]
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Quantum jumps

continuous measurement at 1.8 photons
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Dispersive Measurement
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Continuous and weak measurement of z
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�d = 0, 47 MHz

Continuous and weak measurement of z
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Continuous and weak measurement of z
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Continuous and weak measurement of z
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Can we measure fluorescence ?
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Fluorescence Measurement
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â
out

(t)

record

Re(â
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out

(t))

�leak

josephson
amplifier

L1 =

r
�1

2
�� L2 = i

r
�1

2
��

⌘ = 24%

dyt,1 = Re(â
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Two realizations
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Tomo(⇢(T ))
?
= ⇢0

Reality and interest of Quantum Trajectories

{⇢(T ) close to ⇢0}

trajectory from fluorescence record 

tomography by 
strong dispersive

measurement

[Campagne-Ibarcq et al., PRX 2016]
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Statistics of relaxation trajectories

|+ xi = |gi+ |eip
2

start in start in |ei

1 2 5 10 100 104103trajectories 
per pixel

[Campagne-Ibarcq et al., PRX 2016]
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1 2 5 10 100 104103trajectories 
per pixel

a)

b)

[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]

[Campagne-Ibarcq et al., PRX 2016]

Statistics of trajectories
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1 2 5 10 100 104103trajectories 
per pixel

a)

b)

[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]

[Campagne-Ibarcq et al., PRX 2016]

Statistics of trajectories

[A.Sarlette and P.Rouchon, Communications in Mathematical Physics 2016]
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2) + ↵
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z + 1� 1
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◆2

= 1

↵(t) = ⌘ + [↵(0)� ⌘]e�1tparameter

equation of the 
spheroid
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Counterintuitive trajectories

1 2 5 10 100 104103trajectories 
per pixel

a)

b)

Energy expectation can increase due to the backaction 
of measuring spontaneously emitted photons

[Jordan, Chantasri, Rouchon, BH., arxiv:1511:06677]
[Campagne-Ibarcq et al., PRX 2016]

[Bolund and Mölmer, PRA 2014]
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Parameters Estimation

unknown parameters

??

[P.Six et al., arXiv1503.06149v1, 2015]

p = ⌘, ⇢0, ...
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Parameters Estimation

unknown parameters
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Parameters Estimation

unknown parameters

??

[P.Six et al., arXiv1503.06149v1, 2015]

⇢k =
Kp

yk
(⇢k�1)

Tr(Kp
yk(⇢k�1))

p = ⌘, ⇢0, ...

hidden Markov problem

p 2 {a, b, ...}
guess values

Pierre Six’s talk

⇡a
k =

Tr(Ka(⇢k�1))⇡a
k�1P

p0 Tr(Kp0(⇢k�1))⇡
p0

k�1
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Perspective and conclusion

fluorescence photocounter

fluorescence heterodyne

cavity transmission
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�X

�Y

�Z

|gi

simul.

exp.

exp.
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Interest of Quantum Trajectories

averaged quantum trajectory⇢t

...

some interesting quantities

P(⇢t) probability to get a density matrix at a given time
[P. Campagne-Ibarcq, PRX 2016, ENS Paris]

[A.Tilloy, PRA 2015, ENS Paris]
quantum spikes

probability distribution to get one given trajectoryP({⇢t}0tT )

argmax

{⇢t}t

(P({⇢t}t)) most likely trajectory
[M. Naghiloo, Nature 2014, St. Louis, USA]

[S.J.Weber, arXiv 2016, Berkley, USA]
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fluorescence photocounter

fluorescence heterodyne

cavity transmission

|ei

�X

�Y

�Z

|gi

simul.

exp.

exp.

Current experiment
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Current experiment

g

e
input output

intermediate regime between Zeno and diffusive

noise
(Wiener)

average outcome

dyt,1 =
p
⌘
fluo

�
1

/2Tr(�X⇢)dt+ dWt,1

dyt,2 =
p

⌘
fluo

�
1

/2Tr(�Y ⇢)dt+ dWt,2

dyt,3 =
p

2⌘disp�dTr(�Z⇢)dt+ dWt,3

measurement
records

⇢t

�X
�Y

�Z
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Extra Slides
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Dilution Fridge
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Superconducting amplifiers

(g)

(NEC Tokyo, 2008)

(Zurich, 2011)

(Boulder, 2008)

(Saclay, 2014)
(Santa Barbara, 
(Berkeley, 2011)

(Yale, 2009)

(Bell Labs, 1989)

Degenerate amplifiers

Non degenerate amplifiers

(Yale, 2010)
(ENS Paris, 2012)

jeudi 26 janvier 17



Building your own amplifier

{
{

Ideally,

Bosonic mode
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Building your own amplifier

{
{

Ideally,

Bosonic mode

jeudi 26 janvier 17



Phase sensitive and phase preserving amplification

Solution: add an extra degree of freedom to the system
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Phase sensitive vs phase preserving amplification

[Caves, PRD (1982)]

DegenerateJPA

{
{

Non-degenerate JPC

Caves theorem

Arbitrarily low noise 
added on

â
out

=
p
GRe(â

in

) +
ip
G
Im(â

in

)

Im(a)

p
G

1/
p
G

{

{
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Kraus formalism for parameter estimation

⇢t+dt =
Kdyt,dt(⇢t)

Tr(Kdyt,dt(⇢t))

Kdy,dt(⇢) = Mdy,dt⇢M
†
dy,dt +

mX

⌫=1

(1� ⌘⌫)dtL⌫⇢L
†
⌫

Mdy,dt = 1�
 
iH +

mX

⌫=1

L†
⌫L⌫/2

!
dt+

mX

⌫=1

p
⌘⌫dy

⌫L⌫with
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