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How to describe the three-slit experiment?

prepare

W prepare the system in a non classical statistical mixture of states 5. 5, 59
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How to describe the three-slit experiment?

prepare

W prepare the system in a non classical statistical mixture of states 5. 5, 59
<4=p single particle with xzpr larger than slit spacing

the experiments by a projective detector where.J C {0, 1,2}

Vj € Jclicks if sysin S; <= jis an open slit

Vj € {0,1,2} — J does not click if sys in S; <= is a closed slit

identical stats of outcome for a following measurement if is used once ore twice
not necessarily true for slits, but needed here
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How to describe the three-slit experiment?

prepare

W prepare the system in a non classical statistical mixture of states 5. 5, 59
the experiments by a projective detector whereJ C {0,1,2}
Vj € Jclicks if sysin 5
Vj € {0,1,2} — J does not click if sys in 5 |
identical stats of outcome for a following measurement if/ / ;is used once ore twice

the system by an apparatus which differs from any
(i.e. leads to at least 2nd order interferences)

py = p(Dy clicks,m = +1)
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What would superconducting circuits hopefully bring?

prepare

Single system manipulation and measurement so that
corresponds to a projective transformation

Spatial (+ energy OR phase) degeneracy between alternatives

Any input state and any final measurement can be realized

Predicted precision similar or better than single photons or spin liquids /5 5 1()_3[2
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Two possible ways

prepare

qutrit with 1 cavity photon counting
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Microwave quantum optics

electronics
106 l(IJ9 : Frequency (Hz)

radio uwaves
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Microwave quantum optics

electronics optics
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Microwave quantum optics

electronics
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superconducting circuits
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superconducting circuits

.\
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dissipationless LC circuit... ....canonically quantized
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Commercial toolbox for microwave optics

microwave detectors
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Manipulating a microwave mode

H = Hy+ fd(ﬂ -+ (j}(L
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Josephson junction

Josephson junction
dissipationless non-linear inductor

1 AL-Aly05-A
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Superconducting qubits

[Devoret & Schoelkopf, Science 2013 (Yale)]

30D cavities
100,000 A2

A~ g %
10,000 H = " - E S -
| 2C ~ 7T e

+Hpurcen — 0.02 — 2 ppm
+Hy, — 0.5 — 10 ppm
+H; —+< 0.04 ppm

Ll

Improved

“w X 3D transmon
= -‘-.

cQED Fluxonium ®

'

| 3D transmon

Transmon

Qubit lifetime (ns)
Operations per error

Charge echo

I |
2008

Year

o: 18
a

First Rabi oscillations in 1999 [Nakamura et al., Tsukubal]
Quantronium in 2002 [Vion et al., Saclay]
Charge qubit, phase qubit, flux qubit,
transmon, fluxonium, Xmon...
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Non classical states in microwave quantum optics

Fock state
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(Yale 2012) (CQED, Paris 2008)
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H(:()upl = th”'l”'
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Dispersive measurement
H(:()upl — th(L-‘-H,

=W, — X/2
we + x/2

measurement uses a non-degenerate IW ﬂ”l

qguantum limited amplifier LUJ;J]_HI

[Roch et al., PRL 2012)
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Dispersive measurement

Re ({(a)e™"") = Re(a)cos(wt) + Im(a)sin(wt)

Illl(rr)

1/2 photon vacuum Im(a)
__ uncertainty w |
. '-""f-li"-(”-) in out '

o
\/"? photons

no~2

oyt

Phase encodes qubit state

measurement uses a non-degenerate IW %HI

quantum limited amplifier LUEEL_”I

[Roch et al., PRL 2012

¢
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Dispersive measurement

Re ({(a)e™"") = Re(a)cos(wt) + Im(a)sin(wt)

Illl(rr)

1/2 photon vacuum Im(a)
__ uncertainty w |
. '-""f-li"-(”-) in out '

o
\/"? photons

no~2

oyt

Phase encodes qubit state

measurement uses a non-degenerate IW %HI

quantum limited amplifier LUEEL_”I

[Roch et al., PRL 2012

¢
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Single shot qubit state readout

Low noise cryogenic amplifier only Josephson amplifier

P(Im(a))

Re(a)

o,
[m(a)

0 5
lm(a) ey 108 experiments N
‘ 2
[Campagne-Ibarcq et al.,, PRX 2013 (ENS Paris)]
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Single shot qubit state readout

Low noise cryogenic amplifier only Josephson amplifier

P(Im(a))

Re(a)

o,
[m(a)

0 5
lm(a) ey 108 experiments N
‘ 2
[Campagne-Ibarcq et al.,, PRX 2013 (ENS Paris)]
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Quantum jumps

prepare | )and continuous measurement at 1.8 photons

200

100

100 150 200
Time (us)

similar to [Vijay et al., PRL 2011 (Berkeley)]
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Quantum jumps

prepare | )and continuous measurement at 1.8 photons

200

100

100 150 200
Time (us)

similar to [Vijay et al., PRL 2011 (Berkeley)]
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Quantum jumps

continuous measurement at 1.8 photons
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[Campagne-lbarcq et al.,, PRX 2013 (ENS Paris)]
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Quantum measurement backaction

quantum traiectories post-selection
] Ili' . # N 0 1 T
T8 S TRY :' p(t)

[Campagne-Ibarcq et al., PRX 2016]
[Jordan et al., Quantum Studies: Math and Foundations 2016]

; —

02 91  1ThH 2

t(ps)
[Campagne-lbarcq et al., PRL 2014]
[Ficheux et al., in prep.]

quantum feedback
G(6) parameter estimation

" i |__[IEeA] v .0 22
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g

[Campagne-Ibarcq et al., PRX 2013]
[Campagne-Ibarcq et al., PRL 2016]

- i
0 2 1 [
Number of Trajeatorios

[Six et al., PRA 2016]
[Six et al., CDC |IEEE 2015]
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Two possible ways

prepare

qutrit with 1 cavity photon counting
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Direct readout of a qutrit?

Heery = hixalab'b — ho(

= We

We — X
We — 2X

probe at Wy, ~ W, — X
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Direct readout of a qutrit?

Hyert = hxa'ab™s — ha(b'h)?

= We
(]> Wr = We — X
We — 2X

€
I

Re(a) (a.u.)

probe at Wy, ~ W, — X
nb of events

0 50 100 150 Im(a) (a.u.)

1

Pirsa: 16080029 Page 31/57



Pirsa: 16080029

Third order superpositions in a qutrit: experiment

preparation

Yé_l_iz)y(()ﬁl_) 0)

2 arccos(3—1/2)

>

tomography

([)'1),Yé()'),X%12),Yﬁ(lz),Xﬂlz)X“”),YSQ)X(U])

iy ki s
2 2 2 2

i
2

then measure P, P1, P2 using heterodyne dispersive measurement

arg ((i[plJ))

-7 0
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Third order superpositions in a qutrit: experiment

arg ((¢[pl))

- 0
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Testing third order interference

W prepare the system in a non classical statistical mixture of states 5, 51, 59

Wo1 || >

W12

the experiments by a projective detector whereJ C {0,1,2}

Vj € Jclicks if sys in 5 Vi € {0,1,2} — J does not click if sys ins

identical stats of outcome for a following measurement if is used once ore twice

; need same outcome fortwo j's x
probe at Wp ~ We — X : possible by tuning probe

but prone to errors

the system by an apparatus which differs from any

- then
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Two possible ways

prepare

qutrit with 1 cavity

photon counting
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Qubit as a photocounter

H = hf.a'a+ hf,le){e| — hya'ale) (e

7.8 GHz 5.6 GHz 4.6 MHz
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Qubit as a photocounter

fq > fq - \N

Qubit frequency indicates photon number

Qf

582\,

5.8 /.

5.81

Qfer 0

»

" (GHz
0.2 Ix 0;4 0.6

G988 7.8 7.802_7.804 7.806
Sovale (GHZ)

[Schuster et al., Yale group, 2007]
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Qubit as a photocounter
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Photocounting a coherent state

2 US y / . af E
. %'%UB 7.8 7.802 7804 7.806
Sorobe (GH2)

m — pulse at f, — xn

1 |
—— 400 ns « T.
2TY
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Photocounting a coherent state
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Photocounting a coherent state
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Photocounting a coherent state
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Photocounting a coherent state
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Photocounting a coherent state

-pulse @fq —ny

< 400 ns < T,
2y

Pirsa: 16080029 Page 44/57



Photocounting a coherent state

-pulse @fq —ny

< 400 ns < T,
2y
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Photocounting a coherent state

-pulse @fq —ny

< 400 ns < T,
2Ty

22% thermal qubit excitations offset for n=0
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Photocounting a coherent state
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Application: quantum Zeno Dynamics of light

|s there 3 photons?

X
b (1 - )|)

Is there 3 photons?
Is there 3 photons?

Is there 3 photons?

/

]
p

Probe qubit at
fq o 3\ \

Pirsa: 16080029 Page 48/57



Wigner function in time

0.48 s 0.50 pts 0.64 15 0.72 ps

[Bretheau et al., ENS Paris, Science 2015]
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Testing third order interference

W prepare the system in a non classical statistical mixture of states 5, 5. 59

the experiments by a projective detector where.J C {0, 1,2}
Vj € Jclicks if sysin 5 Vj € {0, 1,2} — J does not click if sys in 5 ;
identical stats of outcome for a following measurement if/ / ;is used once ore twice

the system by an apparatus which differs from any

[Reagor et al., PRB 2016]

Q=710
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Testing third order interference

W prepare the system in a non classical statistical mixture of states 5, 51, 59

the experiments by a projective detector where.J C {0, 1,2}
Vj € Jclicks if sysin Vj € {0, 1,2} — J does not click if sys in 5 ;
identical stats of outcome for a following measurement if / / ;is used once ore twice

the system by an apparatus which differs from any

preparation
| I

F——\—>

fi —nx.

SNAP gate
[Krastanov et al., PRA 2015]
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Testing third order interference

W prepare the system in a non classical statistical mixture of states 5, 51, 59

the experiments by a projective detector whereJ C {0,1,2}

Vj € Jclicks if sysin 5 Vi € {0,1,2} — J does not click if sys ins

identical stats of outcome for a following measurement if is used once ore twice
the system by an apparatus which differs from any

|
>

J? g excited
q ground D, CLICKS!
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Testing third order interference

W prepare the system in a non classical statistical mixture of states 5, 51, 59

the experiments by a projective detector whereJ C {0,1,2}
Vj € Jclicks if sysin 5 Vj € {0,1,2} — J does not click if sys in 5 ;
identical stats of outcome for a following measurement if is used once ore twice

the system by an apparatus which differs from any

preparation

fo

ft = nxis

fq /— Xy J nﬁﬂulwn'

2. /'P

EEaEEEET T EEEEEEEEEEEEE W

unitary is the sysin |0) ? pg:gu:d p?ﬁi:ed

Vi

.
»
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Testing third order interference

W prepare the system in a non classical statistical mixture of states 5, 51, 59

the experiments by a projective detector whereJ C {0,1,2}

Vj € Jclicks if sysin 5 Vi € {0,1,2} — J does not click if sys ins

identical stats of outcome for a following measurement if is used once ore twice
the system by an apparatus which differs from any

preparation

fo
ft = nxis

fq /_ \.f.; \>{<f J ‘u‘in"lv&ﬁnv
2f,

EaEEEET T EEEE R EEEEEEEE W

unitary s the sysin [0) ? p?nrgu:d pi:Si:ed

‘E(J'

py = p(Dy clicks,m = +1) J\_|

[3 Is = po12 = po1 — po2 — P12+ po + p1 +p2 — Dy

= F 0 = |po1r — po — p1 + ol + P12 — p1 — P2 + Pyl + P20 — P2 — po + Py
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