Title: TBA
Date: Aug 05, 2016 11:00 AM

URL: http://pirsa.org/16080029
Abstract:

Pirsa: 16080029 Page 1/57



ENS DE LYON

Could third order interference be observed in
superconducting circuits?

Benjamin Huard
Ecole Normale Supérieure de Paris, France
Ecole Normale Supérieure de Lyon, France
Markus Muller
University of Western Ontario / Perimeter Institute, Canada

prepare i

Pirsa: 16080029 Page 2/57



Pirsa: 16080029 Page 3/57




How to describe the three-slit experiment?

prepare

(M 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

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

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

Vj € Jclicks if sys in Sj <= jis an open slit

Vi € {0,1,2} — J does not click if sys in S, <= jis a closed slit
identical stats of outcome for a following measurement if is used once ore twice
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How to describe the three-slit experiment?

prepare

(M 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 /3 5 1()_"‘]2
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Two possible ways

prepare

qutrit with 1 cavity photon counting
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Microwave quantum optics

electronics
109 l(l)9 Frequency (Hz)

radio uwaves
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Microwave quantum optics

electronics optics
106 1q9 10 12 1015 Frequency (Hz)

l

radio uwaves THz
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0.001 0.1 100 Temperature (K)

Room T fLM.U/]ﬁIB
quantum domain
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Microwave quantum optics

electronics optics
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superconducting circuits

dissipationless LC circuit

A

A

q
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superconducting circuits

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

\ /
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2C 2L A N
~ ) H = ’Lw(]((},)(}, -+ ‘—)
(&, q] = ih 2

Pirsa: 16080029 Page 13/57



Commercial toolbox for microwave optics

microwave detectors
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Manipulating a microwave mode

H = Hy+ (([(LT -+ (:}(L
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Josephson junction

Josephson junction
dissipationless non-linear inductor

B Al-Aly03-Al
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Superconducting qubits

[Devoret & Schoelkopf, Science 2013 (Yale)]

3D cavities

100,000 A2

= q——EJCOS—

2C h/2e

! 10,000

Improved

' “» A 3D transmon
@ ! o -‘_‘I‘

| 30D transmon

OF
cQED Fluxonium ®

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

Qubit lifetime (ns)

Transmon

Operations per error

Charge echo

e’
[ Y

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

\'

Fock state [ arbitrary superposition of Fock states
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' (Santa Barbara 2010)
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Dispersive measurement
H(:(mpl - ]"fX(’*"-("

=W, — X/2
= W, + x/2

Phase encodes qubit state

measurement uses a non-degenerate I |

quantum limited amplifier L
[Roch et al., PRL 2012] !
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Dispersive measurement

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

Im(a)

1/2 photon vacuum
uncertainty

in

Re(a)

>
v'n photons

n o~ 2

ot
Phase encodes qubit state

“ measurement uses a non-degenerate I”E | I
quantum limited amplifier LUEQ_UJ

[Roch et al., PRL 2012]
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Dispersive measurement

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

Im(a)

1/2 photon vacuum
uncertainty

in

Re(a)

>
v'n photons

n o~ 2

ot
Phase encodes qubit state

“ measurement uses a non-degenerate I”E | I
quantum limited amplifier LUEQ_UJ

[Roch et al., PRL 2012]
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Single shot qubit state readout

Low noise cryogenic amplifier only Josephson amplifier

)

Caltech

P(lm(a))

] Re(a)

108 experiments Im(a)

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

Pirsa: 16080029 Page 23/57



Single shot qubit state readout

Low noise cryogenic amplifier only Josephson amplifier

)

Caltech

P(lm(a))

] Re(a)

108 experiments Im(a)

[Campagne-lbarcq et al., PRX 2013 (ENS Paris)]
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Quantum jumps

prepare | )and continuous measurement at 1.8 photons

200

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

100 150 200
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-Ibarcq et al., PRX 2013 (ENS Paris)]
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Quantum measurement backaction

quantum traiectories

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

quantum feedback

G(0)

4

i

g

Courd [>

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

W
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[Campagne-Ibarcq et al., PRL 2014]

[Ficheux et al., in prep.]

parameter estimation
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[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?

W ¢

H. =

Hpery = h,X(L’[r(L

Wy
Wy

Wy

>

— hao(

= We

w(‘, _ X
We — 2X

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

>

Hpery = h,X(L’[’(L — ha(

Wy = We

Wy We — X

Wy We — 2)(

nb of events

0 50 100

-1 0
Im(a) (a.au)

1
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Third order superpositions in a qutrit: experiment

preparation

Yélz)}/(m) 0)

2 arccos(3 1 /'-2)

>

tomography

1, Xg)'l)’ Ylﬂ(()'])’ X%M)’ Y_(-12)’ X('l?)Xg)'l)’ Yé'lz)Xg)])

i
2 2

then measure P, P1, P2 using heterodyne dispersive measurement

arg ((i|pl|7))

- 0

Pirsa: 16080029 Page 32/57



Third order superpositions in a qutrit: experiment

0) 1) +12)
V3

arg ( (\ﬁ\ )

()
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Testing third order interference

(L 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 € Jclicksif 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

| = need same outcome for two 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,|e){e| — hya'ale) (e

7.8 GHz 5.6 GHz 4.6 MHz

Pirsa: 16080029 Page 36/57



Qubit as a photocounter

.fq = fq o \N

Qubit frequency indicates photon number

5.821\,

5.8 /.

5.81

06 "'--.... t!‘ansm,'SSion ]( ((' H/:)
e \ ] (a.u)
02 , 0.4 0.6

%998 ?,sr 7.802 7804 7.806
Jprone(GH2)
" [Schuster et al., Yale group, 2007]
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Photocounting a coherent state

ft "' E

2 us . /

' Y95 78 - 7.802 7.804 7.806
Sorabe (GHZ)

m — pulse at f, — yn

1
—— 400 ns « T.
21X
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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

m-pulse @fq —ny

< 400 ns < 1.,
2y
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Photocounting a coherent state

m-pulse @fq —ny

< 400 ns < 1.,
2y
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Photocounting a coherent state

m-pulse @fq —ny

< 400 ns < T,
2y

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

Is there 3 photons?

X

(1-

Is there 3 photons?
Is there 3 photons?

|s there 3 photons?

)[¥)

/

N
N

Probe qubit at
fq - 3\ \
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Wigner function in time

W
| /7 2/m

0.32 ps 0.48 18 0.56G pus

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

(L 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 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

(L 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 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

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

(L 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

] ]
reparation
Pref | |

|
>

J? 9 excited
q ground I D, CLICKS!
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Testing third order interference

(L 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

—

AA.MLI
V I“ L]

unitary is the sys in |0) ? Pg:?u:d pemxSized
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Testing third order interference

(L 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

unitary is the sys in |0) ? Pg:?urd pemxSized

py = p(Dy clicks,m = +1) ‘

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

= X d = |'}Jm = pPo—p+ IM| + |Plz = pP1—p2+ Pw‘ + |P'_*u — P2 —po+ W|

Page 54/57



Expected sources of error

gate error for preparation  state of the art is 10-® error
and measurements leading to 104 precision on K

preparatigh

I/
fr—nxi,
= Yeae X J
./;f \f\,_,

zl f,

SN AY A
fo-

entanglement with

_ other modes during gates
leak of the system into

higher excited states readout error / decoherence of

the system during measurement

peak discrimination better than 10-°
current limitation: qubit lifetime
leading to 10 on K

cancels out since
no Dy will click

see Urbasi's talk
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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()_"‘]2
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