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Signal processing E N S

Hanford, Washington (H1) Livingston, Louisiana (L1)
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An enabling technology that aims at processing, transferring and retrieving information carried in
various physical formats called « signals »...

J. Mourra, IEEES1gnal Process. Mag 26, 6 (2009).
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Quantum signal processing

Light beams Microwave radiation Electrical currents

An enabling technology that aims at processing, transferring and retrieving classical or quantum
information carried by various quantum states called « quantum signals »...
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Main questions

How to characterize the state of a quantum beam ?

» What are the quantum signals carried by the beam ?

* How to describe them 1n a simple way ?

Experimental aspects Theoretical aspects
* Sources ? * Description of a quantum beam ?
* Analyzers ? * Tomography ?

* Signal processing ?
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Lessons from quantum optics




From classical to quantum optics

The Quantum Theory of Optical Coherence™

Rovy J. GLAUBER
Lyman Laboratory of Physics, Harvard University, Cambridge, M assachusetts
(Received 11 February 1963)

Phys. Rev. 130, 2529 (1963)
Phys. Rev. Lett. 10, 84 (1963)
Phys. Rev. 131, 2766 (1963)

R. Hanbury Brown R.J. Glauber

- 1977: non classical light
' resonance light from a single atom
‘!

1956: stellar interferometry...

{ n(T) [ . |
0 Sirius N\
e i “-‘{
& 6 =6.310"2 arcsec e 3 < =
[ e
i ; '¢\\“:‘ .
: o5 400— 1 . =
T LI
- . -'{‘:.L [
2 [ o¢ ! B
E il !' "
% 300;;1 4{
5 : o
maireg
|
. ; | |
2 . 2 . . 200
F (d) _ [2Jl (%)/x] ) L= Tred/)\ aﬁDelcy Tin Sr?unosecond:‘;ﬁ 0

Nature 178, 1046 (1956)
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Classical beams of light

Classical waves Classical field amplitude ? (I', t)

» Maxwell’s equations determine the fields from the currents

» Laplace’s force determines charge evolution from fields

Classical fluctuations of the field E (?(r, t)?(rla t/))

' Axial (Z)
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» Theory of optical coherence:
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Quantum beams of light

Quantum electrodynamics /1 ) /"" =N
Classical variable at ,, 23l24 | Quantum variable / =1
every point of space \ e aslagl / 2teverypoint of /\ Qj | e
. \ I/ \ : /"' )
» Electromagnetic fields becomes quantum A L S N\

* Built-in light matter coupling

Y
) F 4
\\\ 2.9 3.0 3, 1/

Classical field Quantum field

What are photons ?
Energy

» Excitations on top of the vacuum

» Carry energy and momentum (particle attributes)

E(r,t) = EM) (r,t) + EC) (r, t)

photon destruction photon creation
(positive frequencies) (negative frequencies) Fixed frequency modes
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Quantum beams of light

Experimentally accessed quantities X/

Field amplitudes ?(r,t) = (E(r,t)),

Quantum fluctuations

. . » X
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First order coherence

= Tr (EP)(r,t) pE)

A

G (r', t’)) ’/

Pair amplitude |
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Quantum beams of light

Up to second moments

T 1-

a)squeezed vacuum (10dB, gb:jf) byamplitude squeezing (10dDB, zb:f. A.=35) ¢) phase squeezing (10dB, d=0, A.=5)
E(r) E(t) E(t)
A A
—_— 11 4| Wt | | l ot vwﬂ LYJ > (ol
at; (lq a
) A : A
%\3 = ., g »
Zero average field Non zero average field
Time dependent fluctuations Time dependent fluctuations

ENS

Pros and cons

Only requires up to noise measurements
(electronics)

OK for Gaussian fluctuations but not
generically enough

Non classical states: squeezing

Applications

» Quantum sensing for interferometers
(LIGO)

- Enhanced precision quantum imaging
Phys. Rev. Lett. 88, 203601 (2002)

»  Multimode entanglement: quantum

communication, quantum imaging
(Photonics 76, 32-35, (2015))

Photon quantum optics
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Quantum beams of light E N S

Full tomography Pros and cons
- Requires the full access to statistics & Max Like, Max
Ent methods. ..
= - Visualization using the Wigner distribution function in
P:::y Fresnel plane

3
2
1
0

- Not yet fully multimode!

Im(a)

-1

-2

s - —

-3 .
-3 -2 -1 0 1 2 3-3 -2 -1 0 1 2 3

Applications o
78\ o 'wx\ Na 7 + Decoherence studies (Nature. 455, 510 (2008))
&/ &, N*Y 7/
02) +|Cih) i . v W ooy +ilen) »  CV computation using Gottesman, Kitaev & Preskill
PR TN / 7 oy logical qubit (Phys. Rev. A 64, 012310 (2001))
| Oda + “Cat code” encoding of qubits in non classical
£X Parity superpositions (Nature 536, 441 (2016)).
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Take home message #1 E N S >

What are the “(quantum) signals™ carried by electromagnetic radiation ?

Classical signal E(r,t) = (E(r, 1)),

Statistical properties: classical coherence theory

Quantum signals G (r,tr', 1) = Tr (E(H(I‘, t) p B (v t'))
Tr (E<+> (', t YEH) (r, t) p)

Quantum fluctuations: higher order coherence, photon statistics...
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A new perspective on electronics E N S

Quantum optics : the art of controlling and processing quantum light signals

Controlled generation of coherent excitations
Measurement of their quantum coherence

Quantum state reconstruction (i.e. quantum tomography)
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» Electron quantum optics
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Electron quantum optics

Guided propagation
along 1D chiral edge channels

Single electron emitter

Measurement of output
current correlations

Quantum point contact used as electronic
beam-splitter
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Quantum Hall edge channels as electronic E N S
optical fibers

2DEG
V <0 2D electrons
2D electron gas ? /
in GaAs/GaAlAs " AlGaAs ¥ ¢ 11 _9
O | ) _ n~ 10" cm
Z AlGaA 100{nm y
<:Es ans ” -~ * h n = 106 CmZ/VS
GaAs
lll-V semi-conductor heterojunction GaAs/GaAlAs
Quantum Hall effect & edge channels Insulating 2D bulk

Current transported along edge

| channels: no backscattering!
| |
I l

| | Chiral relativistic fermions
_ | o3 |
=2 | vp ~ 10° — 10° ms™1

7|
|

L L I
l

S N~
1

Yi y2

M. Buttiker, Phys. Rev. B. 88, 9375 (1988)
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New generators: single electron sources

Coherent nano-electronics: - Electron quantum optics:
many electrons sources single or few electrons sources

[Landau excitation source:
dc source ac source

1e 1e e 1e ... —

G. Féve et al, Science 316, 1169 (2007)

Many overlapping electrons!

[eviton source:

b Leviton

Energy Energy

- Electrons

-» &
-
E. - - :
- No holes

J. Dubois et al, Nature 502, 659 (2013)
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The basic questions of electron quantum optics E N S

Photons Electrons
classical wave limit ( Bosons ) ( Fermions ) no classical wave limit

Fermi sea

“True” vacuum

: : Coulomb 1nteractions
Non interacting

flying photons decoherence

many quantas / single mode few quantas / many modes

How 1s the mode occupied ?

DPP-fermions Lille 2018 Electron quantum optics



Electronic quantum signals

Quantum electronic sources and circuits emits quantum signals

T — —_— ’ T - | S T
| [ . . |
| Electron amplitude * " Electron pair amplitude %

(1), * (1)),

| <77b ( 1 ) w (2) > 0 — 0 Normal metal ‘
<¢ ( 1 ) ?p (2) > 0 # 0 Superconductivity i

B. Roussel, PhD thesis (tel-01730943, defended on Dec. 15th, 2017)
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Electronic quantum signals

Quantum electronic sources and circuits emits quantum signals

) Single electron coherence

G (111") = Tr(y(1)p T (1))

Single particle properties:

* Average electrical current
\ * Average heat flow

Electronic decoherence

DPP-fermions Lille 2018
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" Two electron coherence

,~ G2 (1,2]1,2') = Tr((2)eb(1)p v (1)e6(2))

I Two particle properties:

e Electrical current fluctuations
e Heat fluctuations

Correlations, entanglement

- — —_— e — ———— =

Review papers: E. Bocquillon ef al, Ann. Phys. (Berlin) 526, 1-30 (20

4)

A. Marguerite et al, Physica Status Solidi B 254, 1600618 (20

7)

Electron quantum optics



Single electron coherence

Single electron coherence: Qée) (z,t|x’,t) = Tr(Y(z,t) pyT (2, 1))

Electronic analogue of Glauber’s correlators le) (z,t|2’,t) = Te(ET (x,t) p E~ (2, 1))

Example: many body state H Vipr] |0)  with (prler) = ok 1

G (t|t) Z% —vpt) pr(—vpt’)"
k=1

Ideal single electron source: ¥'[p.]|F)

Single electron coherence: G (¢,t) = Q(e)( )+goe( th)gae( vpt')”

Fermi sea contrlbutlon Wavepacket contribution

In general: G (t,t") = Q(e)( t,t') + Ag<€> (t t )
Fermi sea contrlbutlon Excess smgle electron coherence
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Single electron coherence

: : N.O(w)
Three different representations  @elw) = .
W— We —1/27¢
Frequency domain Wigner function Time domain
) |AG© (w+ 2w - 9) b) AW (7, w) 0) |AG® (T + 5,7~ 3)
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D. Ferraro et al, Phys. Rev. B 88, 205303 (2013)
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The electronic Wigner function

Definition :
e 1wt (e T T
Wp(az(t,w) :vF/Re Q[()% (t—|— 5 l — 5) dr
Marginals :
dw
(1(x — —e/ AW(e) t,w)
t
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Sinusoidal current

: t’
Single electron coherence: G'¥(t,t') = Q,(f%ﬂel (t,t) exp (Z;; / Vi(r)dr )
t

AC current: sinusoidal V' (t) = V cos (27 ft)

Parameters kgTe/hf  # of thermal photons at /f

eV/hf # of photons at /f or emitted charge per period

(in units of e)

0 J,(25F cos (27 ft))
(e) _ LY
W (W,t) — Z 6ﬁe1(hw+nhf) 41

nN=——0oo
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Sinusoidal current E N S

Large amplitude and high temperature Large amplitude and zero temperature
eV > hf kple > hf eV > hf 1y=0K
15 I T I
15 : : I ;. ! 1.5
10 | —I YR 118
N 1M | - - 15
§ 0 | 1L o g 0 [ 4§ T
5 | N 5 |2 .
4 0 0
10 .
i 10 R .
15 1 | | 0.5
-1 0.5 0 0.5 1 -15 : : ' i -0.5
H/T 1 0.5 t/(; 0.5 1
Agitated Fermi sea: W<€) (t7 w) — f () Ton (w) Quantum ripples:

t—I—T/Q /! t
/ V(" dr =1V (t) | 4 ()73+...
¢

u(t) = —eVy(t) s 1
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The LPA single electron source E N S

Quantum RC circuit J. Gabelli et al,
Science 313, 499 (2006)

electron source

é(e)

G. Feve et al,
Science 316, 1169 (2007)
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Independent particle computation (Floquet scattering theory)

hw /A

1.5

D=1

1.5

0.5

hw /A

15 I I I I I

1.5

0.5

Energy resolved e and £ excitations




Measuring single electron coherence

Mach Zehnder interferometry

dc

AGE  — MzZI |- ((C)

| linear filtering

| But strong decoherence issues :

- S. Tewar1 et al, Phys. Rev. B 93, 035420 (2016)
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| HOM interterometry |
| |
|
" ® © AG '
1 \
\QDA K@j " HOM +— Si(om)(w =0) |
e /
55)/ \@x AG;
@ @ overlap

] E. Bocquillon et al, Science 339, 1054 (2013) |

Quantum tomography: C. Grenier et al, New Journal of Physics 13, 093007 (201 1)
\ T. Jullien et al, Nature 514, 603-607 (2014)

A. Marguerite et al, Phys. Rev. B 94, 115311 (2016) &

Electronic coherence



Mach Zehnder interferometry

T1
@ N
O
@ D
@ Q_
T2
Courtesy P. Roche
AW out(t,w) = ,/\/llleWée) (t —7m,w) + MQyQAWée) (t — 7o, w) Classical contributions
+2| M o] cos(w(ri — 72) + ¢) AWée) (t 7_1 ;TQ’W> Quantum contributions

D. Ferraro et al, Phys. Rev. B 88, 205303 (2013)

Time domain: G. Haack, M. Moskalets et M. Biittiker, Phys. Rev. B 84, 081303 (2011)




Single electron tomography E N S

Two particle interference interpretation
. N U. Fano, Am. J. Phys. 29, 539 (1961)

3-_.
,,ﬁ'

s

N

' 4"\\ ln-n\///!'!"\

Pz, Undistinguishable bosons Fermions
=

O O
Qe o8 [oNFe]
s [odhoNogio) [ogho]

> . — ‘
' A \L'T\‘x\\ ,/,”r, ’1‘\\ ’ ’ O O
W ,‘)/,"' V\\\\J‘z ' W
( . 8._( ) 'f rt: \‘2’/’
¥ Sl Bunching Anti-bunching
d

y 2 > 2 ) ' . : 2
— lu)/t(?"’A‘ l;,B(,'¢DQ :t '&‘,A(ltof‘: u’.BP‘d’D. l

Nature 178, 1046 (1956)
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The electronic Hong Ou Mandel experiment E N S

Single electron
emitter #1

O
Q,(@ P(antibunching) = L [1 + \<¢§|¢§>\z]
oe, 2
O O
(N3Ny) A(ONT)
Te
‘7’ Te
> T > T
oo 82 E. Bocquillon et al, Science 339, 1054 (2013)
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The noise is the signal E N S

Current noise measurements

electron source

S(Sl S2) S(Sl) 1 S(SQ) 4 AS(HOM)

bd
AS(HOM) 62/(AW§? Awéj))(uw) _w

27T

«The noise is the signal » (R. Landauer 1998)

C. Grenier et al, New Journal of Physics 13, 093007 (2011)
D. Ferraro et al, Phys. Rev. B 88, 205303 (2013)
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Single electron tomography in a nutshell

Excess Wigner function of a small ac drive  Vac(t) = V cos (27 ft)

1.5
AW (t,w) eV/hf = 0.1, kgT/hf = 0.001 -
| | , I 0.15 :
- 0.1 0.5 |- 'p *p 'p 1
H1F4 0.05 < f (17 . (177, (.
= O Q . % 5 %
- | WA WA SRR
14 0.0 05 e i i I
2k - -0.1 -1 B /‘f | [ Ini
_ | _
; | | 0.15 - o N N e =
-1 -0.5 0 0.5 1 15 -1 05 0 05 1 15
ft t/T

Variant implémentation: T. Jullien ef al, Nature 514, 603-607 (2014)
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Two-electron coherence E N S

2e-coherence: Qf,ze)(l, 2(1",2") = Tr (w(2)¢(1)p wT(l’)W(Q’)) M. Moskalets, Phys. Rev. B. 89, 045402 (2012)

N
H P ek 10) with (@rler) = Ok,

« Encodes two-electron wave-functions

- Symmetries 1n 4D space: quantum statistics 9(26) 1,212 Z pr1(1,2) ¢ (1/72/)

where ¢ (z,y) = Sﬁk(aﬁ)sﬁz(y) — o (y)wi(T)

Question:

( ° ° ° °
| » Intrinsic contribution of the source to two-electron coherence? T

= - - — _ - e —— E— = ~ —————— e —— = - — _ P
_ . _ S — 2 _ ——— —_— ———

APS March Meeting 2017 Two electron coherence



Intrinsic two electron coherence

g£2€>(1, 2‘1/’ 2/) — gge)(:l’ 2‘1/2/)

E. Thibierge ef al, Phys. Rev. B. 93, 081302(R) (2016)

APS March Meeting 2017 Two electron coherence



Accessing two electron coherence E N S

C o t A. Mahé et al, Phys. Rev. B 82, 201309 (2010)
uIrent noise measurcimen F. Parmentier et al, Phys. Rev. B 85, 165438 (2012)

, , Noise spectrum of the mesoscopic capacitor
Direct noise measurement:

1

o S = GO) - ) S IRaYas

<:> 3 -

ASZ'(t, t/) — Si(t, t/)on — S@(t, t/)oﬂ-‘ E]Q 0.6 - 0.6
é 0.4 - 5-0.4

Noise spectrum: A S (w /AS t+7/2,t — 7‘/2) WT dr £ O.ZEJl\\ Loz

é . — N “ ________ 3

. . < 1 Zos o os 1
Current noise from electronic coherences Frequency w  [A]

AS@(t,t/) _ —€<Z(t)>55(t L t/) i (6?]]:’)2 (Agé2€) (t,t/‘t,t/) (6) (t‘t)Ag(e) (t/|t/))
~ (evr)? (917 (1N AGE (tlt) + 617 (¢ AGE) <t'|t>)

B. Roussel ef al, Physica Status Solidi B 254, 1600621 (2017)

APS March Meeting 2017 Two electron coherence and current noise



Accessing two electron coherence

Q4
L

1A —— 1B
A-detector
Signal: outgoing currents Signal: outgoing currents

Two particle interferences at the beam splitter: Agéiifgso (1t1;2t2|1¢7;2t5) = RT Agg2€> (t1, ta|t], t5)

Current correlations after the detectors: (taip) = ([,(41) ® £§§)) [Agéii])gso (1115 285|187;215)

It combines:
 HBT interferometry: partitioning of two-electron coherence at a beam splitter
» Single particle interferometry: converting off-diagonal single-electron coherence into measurable signal

APS March Meeting 2017 Generalized Franson interferometer



Example: Franson interferometry

D 1s \/{S dp
\ Lin /\\ Ri

In

Lout — + A * * + —— Rout

L'out L'in R'in R'out
A-detector
Signal: outgoing currents Signal: outgoing currents
Parameters: time of flights, AB flux Parameters: time of flights, AB flux

The Franson signal: current correlations between left/right detectors with both flux sensitivities

~ (GUF)QG_i(CI)L_I_(I)R)Agge) (tL, tR‘tL — 5?51;, tR — 5753)

APS March Meeting 2017 The original Franson interferometer



Franson signals

An electron pair

Two Levitons separated by 10x their width 70
0t

+—>

AT ~ —ATo >~ 7

60 —— 2.000

30 F { H 1.244
&
8 of ok 8 1 { 0.487
<

~30 F 4 i —0.269

—60 —— ~1.026

—60 —30 0 30 60

AT/ Te
Real part

APS March Meeting 2017

60 T T |

30 - .

0F & =

ATy /Te

—30 F -
—60 | | |
—-60 —-30 0 30 60
AT/ Te
Imaginary part

0.610

0.150

—0.309

—0.768

—1.228

ATy /Te

ENS

A time-bin entangled electron pair

At
+

~
~ -
~ -~
~ -~
~ -
-~ N
~
~
~
~
~
~
~
~
~
~

L R
ATl ~ ATQ ~ At

60 . . | 2.000
-
30 | * = 1.244
+
e
0} 5 - 0.488
4
+
—30 | & . —0.268
+
—60 L ' ' —1.024
—60 —30 0 30 60
AT/ Te

Quantum superposition of two pairs separated by 30x their width

ATl ~ At 0t
ATQ ~ At — ot
60 . . | m 0-608
30 | | *4} - ﬁ0.151
N é'i ?
& 0f -_¢ { il —0.307
4 . ™
-30 | *00_ 4 B —0.764
—60 ' ' ' —1.221
—60 —30 0 30 60
AT/ Te

E. Thibierge et al, Phys. Rev. B. 93, 081302(R) (2016)

Franson interferometry current noise signals



Take home message #2 E N S >

What are the “(quantum) signals™ carried by electrical currents (in a metal

|
|

B — —— — —— _ ——— — e — _ = ——— —— == == e — e — e _ —_

Classical signal NONE !
Quantum signals G (.t t') = Tr(y(a,t) pyot(a/ 1))
G2 (1,2[1,2') = Tr (v (2)p(Dp et (1)91(2)
Higher order coherence: information on the full charge statistics...

Problem: really hard to access experimentally. ..
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Take home message #3 E N S

Electron quantum optics experiments realize on-chip « quantum signal processing » |

‘L; = —_— — = — = e S — = = — — _ .

Mach-Zehnder interferometry AGY) — MZI |— <igém)> linear filtering
. AQYB) T~—
Hong Ou Mandel interferometry HOM S,L-(OUt) (w=10) overlap
A gée) 7
Franson interferometry AGPY) Bl b ASQ linear filtering

E. Thibierge et al, Phys. Rev. B 93, 081302 (2016)
B. Roussel et al, Physica Status Solidi B 254, 1600621 (2017)

Perspectives From electronic coherences to quantum information
quantities: quantitative criteria for 2e entanglement ?
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Signal processing for quantum electrical currents




Autopsy of a quantum electrical current ?

O

I /t/T I

_ == —— _ JE— [ —— _— — — —

What are the single electron wave functions contained 1n this electrical current ? |

L _ - _ e _

B. Roussel, PhD thesis (tel-01730943)
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Extracting Floquet-Bloch waves

Full coherence Electronic part of Spectrum and
(theory /experiment) the coherence eigenmodes

w>0 Diag

N

N

- i
- -
-_--

N AN
:}\ “J Z _.,..:\

Bloch theory Electron quantum optics
a cell size T period
k quasi-momentum v quasi-pulsation
Yn(k)) Bloch waves Yp(v))  eigenmodes
E.(k) energy spectrum pn(v)  probability spectrum

Signal processing for electronic coherence
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Extracting « electronic atoms of signal » E N S

Full coherence Electronic part of  Spectrum and Wannier
(th/exp) the coherence eigenmodes functions

i
AVAY S
= ¥ = SANEEiN

o=

N

N
N

A

¢o=11

60=11

Basis analoguous to Wannier functions:

m For each band of the spectrum, time-translated Wannier functions

m Coherences from one period to the other in the same band («a,(/))
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Accessing coherences between individual wave packets
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Source quality assessment E N S

Floquet Bloch spectrum = Entanglement spectrum Sn
Floquet scattering (A/hf =20)
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Result: information theoretical measure of e/h entanglement at T=0 K
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Autopsy of a quantum electrical current
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Experimental results (sinusoidal drive)

Classical regime : 10 MHz / 100 mK
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A. Marguerite et al, arXiv:1710.11181
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Experimental results (sinusoidal drive)

Quantum regime: 9 Ghz / 100 mK
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A. Marguerite et al, arXiv:1710.11181
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Experimental results (sinusoidal drive)

Quantum regime: 9 Ghz / 60 mK
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Wave function extractions (9 GHz, 60 mK)

Dominant electron and hole wave functions

fle(@ (w)? W / flet™ (w)]? W {
1 e W L (h) W
@ tw) ~ 10°10210™ i (1, )
07—
i |
> >
3 '3 -30 0.5
3 3
< = 10
60| 1) _ g ox BM-05
0= ' — 5 ' e
0—— ' ' = ' ' — =
1 0 17 N 0 1
{T {T

A. Marguerite et al, arXi1v:1710.11181




Electron and hole coherences (sine, 9 GHz, 60 mK)
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What have we done ?

Noise data Wigner function
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interferometry (aka « quantum
signal processing »)

Individual wave functions
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A 40 ps single electron Leviton @50 mK, repeated at 4 GHz

Lorentzian voltage pulses
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Wave function extraction (Lorentzian pulse) E N S

A 40 ps single electron Leviton @50 mK, repeated at 4 GHz
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Not really single electronic !!!
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Take home message #3 E N S

Single electron coherence can be decomposed into elementary electronic atoms of signal

A proof of concept of the quantum current analyzer has been demonstrated !
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Single electron coherence « Quantum music »




Theory vs experiment: perspective
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Plan

Conclusion & perspectives




Analyzing electronic quantum signals: perspetives

Interferometric measurements (MZI & HOM)

|

Signal processing of electronic coherence

AGe)

Single particle physics & electronic decoherence '

- Decoherence control

|

I
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Two-electron coherence E N S

2e-coherence: Qf,ze)(l, 2(1",2") = Tr (w(2)¢(1)p wT(l’)W(Q’)) M. Moskalets, Phys. Rev. B. 89, 045402 (2012)

N
H P ek 10) with (@rler) = Ok,

« Encodes two-electron wave-functions

- Symmetries 1n 4D space: quantum statistics 9(26) 1,212 Z pr1(1,2) ¢ (1/72/)
1k,l}

where i (z,y) = or(x)ei1(y) — or(y)ei(T)

Questions:

| S : - iIQﬁ - S I
(

| » Intrinsic contribution of the source to two-electron coherence? I
A - How to access the intrinsic two-electron coherence emitted by a source? |

e — —_— = ————— — — —  —— — —— — —_ —_ —— — S e

DPP-fermions Lille 2018 Two electron coherence



Intrinsic two electron coherence

g£2€>(1, 2‘1/’ 2/) — gge)(:l’ 2‘1/2/)

E. Thibierge ef al, Phys. Rev. B. 93, 081302(R) (2016)
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Accessing two electron coherence E N S

C o t A. Mahé et al, Phys. Rev. B 82, 201309 (2010)
uIrent noise measurcimen F. Parmentier et al, Phys. Rev. B 85, 165438 (2012)

, , Noise spectrum of the mesoscopic capacitor
Direct noise measurement:
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B. Roussel ef al, Physica Status Solidi B 254, 1600621 (2017)
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Accessing two electron coherence

Q4
L

1A —— 1B
A-detector
Signal: outgoing currents Signal: outgoing currents

Two particle interferences at the beam splitter: Agéiifgso (1t1;2t2|1¢7;2t5) = RT Agg2€> (t1, ta|t], t5)

Current correlations after the detectors: (taip) = ([,(41) ® £§§)) [Agéii])gso (1115 285|187;215)

It combines:
 HBT interferometry: partitioning of two-electron coherence at a beam splitter
» Single particle interferometry: converting off-diagonal single-electron coherence into measurable signal
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Example: Franson interferometry

D 1s \/{S dp
\ Lin /\\ Ri

In

Lout — + A * * + —— Rout

L'out L'in R'in R'out
A-detector
Signal: outgoing currents Signal: outgoing currents
Parameters: time of flights, AB flux Parameters: time of flights, AB flux

The Franson signal: current correlations between left/right detectors with both flux sensitivities

~ (GUF)QG_i(CI)L_I_(I)R)Agge) (tL, tR‘tL — 5?51;, tR — 5753)
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Franson signals

An electron pair

Two Levitons separated by 10x their width 70
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A time-bin entangled electron pair
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Completion of the take home message #2 E N S

Electron quantum optics as quantum signal processing

Mach-Zehnder interferometry AG®)  — MZI |— (") linear filtering
. Agfe) T~
Hong Ou Mandel interferometry HOM +— S,i(OUt) (w=0) overlap
A gée) 7
Franson interferometry AGP) | pr1 b ASSUt) linear filtering
Perspectives

From electronic coherences to quantum information
quantities: quantitative criteria for 2e entanglement ?

Coulomb interaction effects on two-electron coherence

E. Thibierge et al, Phys. Rev. B 93, 081302 (2016)
B. Roussel et al, Physica Status Solid1 B 254, 1600621 (2017)
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