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Signal processing

An enabling technology that aims at processing, transferring and retrieving information carried in 
various physical formats called « signals »… 

J. Mourra, IEEESignal Process. Mag 26, 6 (2009).

DPP-fermions Lille 2018 Introduction
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Quantum signal processing

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

Light beams Microwave radiation Electrical currents

DPP-fermions Lille 2018 Introduction
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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 in a simple way ? 

Theoretical aspectsExperimental aspects

• Sources ?  

• Analyzers ? 

• Description of a quantum beam ?  

• Tomography ?  

• Signal processing ?

DPP-fermions Lille 2018 IntroductionDPP-fermions Lille 2018 Electronic coherence



ENS Ly
o

n

Plan

• Introduction 

• Lessons from quantum optics 

• Electron quantum optics 

• Signal processing for quantum electrical currents 

• Conclusion & perspectives



ENS Ly
o

n

From classical to quantum optics

R. Hanbury Brown R.J. Glauber

1956: stellar interferometry...

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

Phys. Rev. 131, 2766 (1963)

Nature 178, 1046 (1956)

Konstanz, 6.12.2005 5

proposed new interferometric technique for measuring stellar radii 

(to overcome limitations of the Michelson-Interferometer)

• correlation in intensity fluctuations (2nd-order correlation function) 

• relative phases of the two signals were lost

50 Years HBT 50 Years HBT -- Stellar Interferometer  (1954/56) Stellar Interferometer  (1954/56) 

!
2(d) = [2J1(x)/x]

2 ; x= !"d/#

Sirius

# :  wave length

d :  distance between reflectors

" :  angular star-diameter

"=6.3 10!2 arcsec

1916 -2002“…collecting light as rain in a bucket…”

Australia

Konstanz, 6.12.2005 22

H. J. Kimble et al., Phys. Rev.Lett. 39, 691 (1977)

Photon antibunching (1977) Photon antibunching (1977) 

light from a single atom
A single atom can emit only one photon at once,

which can be only the detected in one of the detectors!

C ! h!nT!nT i ! [h!n
2i" hni]

particle

nature
fluctuations

1977: non classical light 
resonance light from a single atom

Phys. Rev. Lett. 39, 691 (1977)

J.C. Maxwell

DPP-fermions Lille 2018 Photon quantum optics
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Classical beams of light

DPP-fermions Lille 2018

Classical waves Classical field amplitude
�!E (r, t)

Classical fluctuations of the field E
⇣�!E (r, t)

�!E (r0, t0)
⌘

•  Maxwell’s equations determine the fields from the currents 
•  Laplace’s force determines charge evolution from fields

•  Theory of optical coherence: 
determines contrast in interferometers 

•  Optical coherence interferometry: 
reconstructing images by exploiting 
interferometry with low coherence light.

Photon quantum optics
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Quantum beams of light

Quantum electrodynamics

•  Electromagnetic fields becomes quantum 

•  Built-in light matter coupling

Quantum variable 
at every point of 
space

Classical variable at 
every point of space 

What are photons ?

E(r, t) = E(+)(r, t) +E(�)(r, t)

photon destruction 
(positive frequencies)

photon creation 
(negative frequencies)

•  Excitations on top of the vacuum 

•  Carry energy and momentum (particle attributes)

Field

Energy

Fixed frequency modes

DPP-fermions Lille 2018 Photon quantum optics
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Quantum beams of light

�!E (r, t) = hE(r, t)i⇢

G(1)(r, t|r0, t0) = Tr
⇣
E(+)(r, t) ⇢E(�)(r0, t0)

⌘

Experimentally accessed quantities

Field amplitudes

First order coherence

DPP-fermions Lille 2018

Pair amplitude

Tr
⇣
E(+)(r0, t0)E(+)(r, t) ⇢

⌘
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Quantum beams of light

DPP-fermions Lille 2018

Zero average field 
Time dependent fluctuations

Non zero average field 
Time dependent fluctuations

Up to second moments

• Only requires up to noise measurements 
(electronics) 

• OK for Gaussian fluctuations but not 
generically enough 

• Non classical states: squeezing

Applications

Pros and cons

• 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

Voodoo cat
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∑
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Full tomography
• Requires the full access to statistics & Max Like, Max 

Ent methods… 

• Visualization using the Wigner distribution function in 
Fresnel plane 

• Not yet fully multimode!

Pros and cons

Applications
• Decoherence studies (Nature. 455, 510 (2008)) 

• CV computation using Gottesman, Kitaev & Preskill 
logical qubit (Phys. Rev. A 64, 012310 (2001)) 

• “Cat code” encoding of qubits in non classical 
superpositions (Nature 536, 441 (2016)).

Even
Parity

Odd
Parity

Figure 1: The cat code cycle. In the logical encoding of |0i ⌘ |C+
↵ i = |↵i+ |�↵i and |1i ⌘ |C+

i↵i = |i↵i+ |�i↵i (normalizations omitted),

the two “2-cats” |C+
↵ i and |C+

i↵i are both eigenstates of even photon number parity (an “n-cat” is a superposition of n coherent states). For
large enough |↵| they are also e↵ectively orthogonal to one another. In this basis, the states along +Xc and +Yc are both “4-cats” of even
parity as well. The di↵erent patterns in the fringes of their cartoon Wigner functions signify the di↵erent phase relationship between the basis
states. These features allow one to store a qubit in a superposition of 2-cats and at the same time monitor the parity as the error syndrome
without projecting the state out of this encoding. The loss of a single photon changes not just the parity of the basis states, but the phase
relationship between them by a factor of i (|C+

↵ i+ |C+
i↵i ! |C�

↵ i+ i |C�
i↵i). Decoding after one jump, one finds the initial qubit rotated by

⇡/2 about the Zc axis (indicated by green shading). Thus, with each application of â, the encoded state cycles between the even and odd
parity subspaces (shaded in red and blue), while due to each consequent factor of i, the encoded information rotates about the Zc axis by
⇡/2, returning to the original state after four photon jumps. Between the stochastic applications of â, the cat states deterministically decay
toward vacuum: ↵ ! ↵e

�t/2 (not depicted here). As long as the coherent states do not overlap appreciably, this e↵ectively constitutes the
identity operation on the encoded state.

6
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Take home message #1

Classical signal �!E (r, t) = hE(r, t)i⇢

Statistical properties: classical coherence theory

Quantum signals G(1)(r, t|r0, t0) = Tr
⇣
E(+)(r, t) ⇢E(�)(r0, t0)

⌘

Quantum fluctuations: higher order coherence, photon statistics…

Tr
⇣
E(+)(r0, t0)E(+)(r, t) ⇢

⌘

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

DPP-fermions Lille 2018
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A new perspective on electronics

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)

How can you achieve this for electrical currents ?

DPP-fermions Lille 2018 Electron quantum optics
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Electron quantum optics

Guided propagation 
along 1D chiral edge channels 

Quantum point contact used as electronic 
beam-splitter 

Measurement of output  
current correlations 

Single electron emitter 

)(3 tI

)(4 tI

B
!

DPP-fermions Lille 2018 Electron quantum optics



ENS Ly
o

n

n � 1011 cm�2

µ � 106 cm2/VS

Quantum Hall edge channels as electronic 
optical fibers

Transport in the Quantum Hall regime

Semi-classical approach

Drift of cyclotron orbitals

Quantum approach

Edge states

E
n

e
rg

ie
 

EF

Landau levels : (n+1/2) h!C

(h
!

C
)

=eB/m!C

B
+ confining potential

2D electron gas

in GaAs/GaAlAs

AlGaAs

GaAs

++++++ Si ++++++

2D gas

100 nm

Beamlike motion

B

A
u
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iG
e

Filling factor nsh/eB = 2  :

B ~ 4 Tesla for nS = 2 10 11 cm-2

Drift velocity VD=E / B ~ 104  - 105 ms-1

III-V semi-conductor heterojunction GaAs/GaAlAs

2D electrons

V
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-Vg
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coherence length :  >10 µm ( T <<1°K )
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2D electrons

ballistic electron systems in 2D

2DEG

vF ⇥ 105 � 106 m s�1

Quantum Hall effect & edge channels

M. Büttiker, Phys. Rev. B. 88, 9375 (1988)

Insulating 2D bulk 

Current transported along edge 
channels: no backscattering! 

Chiral relativistic fermions

DPP-fermions Lille 2018 Electron quantum optics
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New generators: single electron sources

Coherent nano-electronics:  
many electrons sources

V (t)dV (t)
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electron source

Vd(t)

Electron quantum optics: 
single or few electrons sources
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Figure 3 | energy distribution of electron–hole excitations: shot-noise
spectroscopy. a, Electrons with energy e enter the QPC barrier in a
superposition of states with energy e1 lhn with probability Pl. Electrons and
holes are partitioned, generating a current noise proportional to their number.
~f (e) is the energy distribution for unit-charge sinusoidal pulses. It is symmetric
with respect to the energy EF1 eVd.c.. b, Same as a but for unit-charge
Lorentzian pulses. ~f (e) is asymmetrical because no holes are created, which is a
hallmark of levitons. c, Shot-noise spectroscopy for 24-GHz sine waves with
different amplitudes Va.c. (units, a~eVa:c:=hn). The reduced excess noise,
DN (dots), versus d.c. voltage in units of q5 eVd.c./hn is plotted and compared
with theory (solid lines). The QPC transmission is D5 0.25. The left-hand

diagram represents the distribution function. The noise derivative is
proportional to ~f (e)for q, 0 (that is, ewEFzeVd:c:) and to {(1{~f (e))
forq. 0 (see text). The symmetricnoise curve reflects the symmetricdistribution
~f (e). For q.a, the noise slowly linearly decreases as the hole excitations spread
deep in energy below EF. d, Same as c but for sharp,W/T5 0.09, 6-GHz
Lorentzian pulses with various amplitudes a (D5 0.19). As expected, DN is
strongly asymmetric. For q. a1 kBTe/hn, in an energy domainbeyond thermal
excitations, the noise rapidly exponentially vanishes, signalling the absence of
hole excitations. When q equals a, the reduced noise DN(q~a) displayed in
c and d equals the excess particle DNeh(q) displayed in Fig. 2d for Lorentzian
and sinusoidal pulses. The error bars are s.e.m. (n< 100,000 acquisitions).
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Figure 4 | Leviton wavefunction in the time
domain. a, b, Principle of the Hong–Ou–Mandel
experiment: time-shifted Lorentzian voltage pulses
V(t) and V(t1 t) applied to the left- and
right-hand contacts generate trains of
indistinguishable electrons that enter the two
inputs of the QPC beam splitter. Their interference
controls the statistics of the charge leaving the
QPC. For single-charge levitons,
SHOM
I ~2S0I (1{ y(x) j y(x{vFth ij j2) (ref. 31).
c, Hong–Ou–Mandel noise versus time delay for a
4.8-GHz Lorentzian with W/T5 0.18. The
shot-noise scale on the left has been reversed to
match the g2(t) scale on the right. The excellent
agreement with theory (solid line) shows that the
leviton wavefunction has the expected time
dependence. The,100% Hong–Ou–Mandel dip
reveals the high symmetry of the right- and
left-hand voltage pulses, which therefore provide
indistinguishable electrons. The error bars are
s.e.m. (n< 100,000 acquisitions).

RESEARCH LETTER

4 | N A T U R E | V O L 0 0 0 | 0 0 M O N T H 2 0 1 3

Leviton source:

J. Dubois et al, Nature 502, 659 (2013)

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

Landau excitation source:

known remarkable electron source :

• voltage biased contact :
continuous generation of electrons entangled 

in a giant Slater determinant at eV/h pace !

But : no time control

• single electron pumps :
controlled injection of single charge

but : sequential electron injection 

(incoherent: not a Slater determinant)

• recent single electron gun:
perfect source for flying qubit realisation

coherent single electron source

opens new field of quantum experiments

But: difficult to operate for n-electrons 

eV

h
=τ

1e 1e 1e 1e ...

V(t)

C

0

V(t)

µ
C/e2

Vg

−
e

available single electron source

G. Fève et al, Science 2007

ac sourcedc source

Many overlapping electrons!

DPP-fermions Lille 2018 Electron quantum optics
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Photons Electrons

Bosons Fermions

Non interacting Coulomb interactions
“True” vacuum Fermi sea

classical wave limit no classical wave limit

flying photons decoherence 

many quantas / single mode few quantas / many modes

How is the mode occupied ? Shape of emitted wave-packets ?

Signal processing
for electron

quantum optics

B. Roussel

Electron
quantum optics
LPA source
Electron
coherence

Extracting
wavefunctions
Waves
Entropy
Wavefunctions
Examples
Use in experiment

Summary and
outlook

Extracting wavefunctions

Full coherence

(th/exp)

Electronic part of

the coherence

Spectrum and

eigenmodes

Wannier

functions

⌫
=

0.1
⌫
=

0.5
⌫
=

0.9

Basis analoguous to Wannier functions:

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

Coherences from one period to the other in the same band (↵n(l))

DPP-fermions Lille 2018 Electron quantum optics
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Electron quantum optics

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

1 = (x1, t1)

Parity superselection rule

Electron pair amplitude

Superconductivity

Quantum electronic sources and circuits emits quantum signals

DPP-fermions Lille 2018

h (1)i⇢

h (1)i⇢ = 0

h (1) (2)i⇢
Electron amplitude

h (1) (2)i⇢ 6= 0

h (1) (2)i⇢ = 0 Normal metal
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Electron quantum optics

Review papers: E. Bocquillon et al, Ann. Phys. (Berlin) 526, 1-30 (2014) 
A. Marguerite et al, Physica Status Solidi B 254, 1600618 (2017) 

G(e)
⇢ (1|10) = Tr( (1)⇢ †(10))

1 = (x1, t1)

G(2e)
⇢ (1, 2|10, 20) = Tr( (2) (1)⇢ †(10) (20))

Single electron coherence

Single particle properties: 

•Average electrical current 
•Average heat flow

 Electronic decoherence

Two electron coherence

Two particle properties: 

•Electrical current fluctuations 
•Heat fluctuations

Correlations, entanglement

Quantum electronic sources and circuits emits quantum signals
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Ideal single electron source:

Single electron coherence:

G(e)(t, t0) = G(e)
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G(e)
⇢ (x, t|x0, t0) = Tr( (x, t) ⇢ †(x0, t0))

G(1)
⇢ (x, t|x0, t0) = Tr(E+(x, t) ⇢E�(x0, t0))

Fermi sea contribution Excess single electron coherence
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FIG. 6: (Color online) Density plot of the Wigner function
emitted by the mesoscopic capacitor as a function of t/T and
~!/� for D = 0.4, kBTel/� = 0.01, hf/� = 0.06 and when
the energy levels of the dot are shifted by 0.3�.

increasing values of ↵ which denotes the average charge
per pulse in units of �e.

Figure 7 shows trains of time-resolved excitations that
are not separated in energy from the Fermi level (com-
pare with Fig. 4) as expected. Time-energy uncertainty
leads to the spreading of the excitation in time close to
the Fermi surface. Increasing the amplitude of the drive
or equivalently ↵, we see that these excitations grow in

the energy direction. We also see the appearance of local
maximas that are indeed the quantum ripples discussed
in section III A 3. But in the present case, they are more
prominent since we are not in an adiabatic limit in the
sense of paragraph IIIA 3. More interesting, we see that
the Fermi sea is left pristine each time ↵ is an integer con-
firming that for positive integer ↵, the source is emitting
a train of purely electronic excitations.

On the contrary, when ↵ > 0 is not an integer, hole
excitations are expected since in this case, each pulse
should be understood as a collective excitation. Com-
paring ↵ = 1/2 and ↵ = 3/2, we see that the hole con-
tribution diminishes: this is not surprising in view of the
Pauli principle since one adds a half electronic excitation
on top of a Slater determinant in which more and more
electronic states close to the Fermi level are populated.

IV. INTERFEROMETRY

Let us now discuss interferometry experiments, start-
ing first with single particle interferences (Mach-Zehnder
interferometry) and then going to two-particle interfer-
ometry experiments based on the Hanbury Brown Twiss
e↵ect.

A. Mach-Zehnder interferometry

We consider a Mach-Zehnder interferometer built from
two QPCs A and B (see Fig. 8) whose scattering matrices
S(j) (j = A, B) are of the form

S(j) =

✓ p
1 � Tj i

p
Tj

i
p

Tj

p
1 � Tj

◆
. (45)

Time domain

Three different representations

Frequency domain Wigner function

D. Ferraro et al, Phys. Rev. B 88, 205303 (2013)
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FIG. 2. (Color online) Density plot of the Wigner function for a
sinusoidal drive V (t) = V0 cos (2πf t) in terms of t/T and h̄ω/hf

for eV0/hf = 10 at (a) zero temperature and (b) kBTel = eV0/4.
Quantum ripples discussed in the text are visible at Tel = 0 K. The
pixelization corresponding to the scale h̄ω/hf = 0.5 is also only
visible on graph (a) at zero temperature.

the Wigner function is locally dominated by these interference
effects. In such a situation, one would not be able to see the
overall picture of the Fermi step at chemical potential µ̄(t) =
µ − eV (t). As we shall see in Sec. III B2, Lorentzian pulses
realize such a situation.

B. Single electron sources

1. The mesoscopic capacitor

An on-demand single electron source can be realized using
a mesoscopic capacitor operated in the nonlinear regime. This
source was demonstrated in 2007 by Fève et al.8 Properly

operated, it emits a single electron and a single hole excitation
per period at GHz repetition rate. One of its main advantages is
that these excitations are energy resolved and that their average
energies and width can be tuned to some extent.

A description of this source can be achieved within a non-
interacting electron approximation using the framework of the
Floquet scattering theory. This approach has been developed
by Moskalets and Büttiker to describe quantum mechanical
pumping in mesoscopic conductors49 and since then has been
applied to a variety of systems among which is the mesoscopic
capacitor.50 In particular it has been used to predict the low-
and finite-frequency noise emitted by a periodically driven
mesoscopic conductor.51,52 These theoretical results have been
compared to experimental results on finite-frequency noise of
the source.53 The Floquet scattering amplitude for electrons
propagating through a driven quantum conductor is

SFl(t,t ′) = exp
(

ie

h̄

∫ t

t ′
Vd (τ ) dτ

)
S0(t − t ′), (37)

where Vd (τ ) is the periodic ac driving voltage applied to the dot
and S0(t − t ′) is the scattering amplitude across the undriven
conductor, expressed in real time. Knowing the Floquet
scattering amplitude (37) leads to the real time single electron
coherence emitted by the driven mesoscopic conductor24 in
terms of the Floquet scattering amplitudes Sn(ω) defined as

cout(ω) =
+∞∑

n=−∞
Sn(ω) cin(ω + 2πnf ). (38)

A Fourier transform then leads to the general expression for
the Wigner function emitted by a source described within the
framework of Floquet scattering theory:

W (e)(t,ω) =
+∞∑

n,k=−∞
Sk(ω + πnf )Sn+k(ω − πnf )∗

× fµ(ω + 2πf (k + n/2)) e−2π inf t . (39)

This expression can be used to compute either analytically
or numerically the Wigner function within Floquet scattering
theory.

Let us now discuss the numerical results for the mesoscopic
capacitor driven by a square voltage: V (t) = Vd for 0 < t !
T/2 and V (t) = −Vd for T/2 < t ! T . We namely consider
realistic values of the parameters of the mesoscopic capacitor:
hf/$ = 0.06, kBTel/$ = 0.01, and eVd = $/2 so that the
voltage step corresponds to the level spacing of the dot $.
These results are obtained by evaluating the single electron
coherence numerically using a specific form for the scattering
amplitude of the dot S0(ω) already used to interpret the
experimental data:15

S0(ω) =
√

1 − D − e2π ih̄(ω−ω0)/$

1 −
√

1 − D e2π ih̄(ω−ω0)/$
. (40)

Here D denotes the dot to lead transmission controlling the
tunneling between the dot and the chiral edge channel. Another
tunable parameter is the position h̄ω0 of the energy levels of
the dot which can be controlled by applying a dc voltage to its
top gate. Note that electron/hole symmetry is realized when
h̄ω0 is an integer multiple of $. Depending on D, various
behaviors are expected.
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FIG. 2. (Color online) Density plot of the Wigner function for a
sinusoidal drive V (t) = V0 cos (2πf t) in terms of t/T and h̄ω/hf

for eV0/hf = 10 at (a) zero temperature and (b) kBTel = eV0/4.
Quantum ripples discussed in the text are visible at Tel = 0 K. The
pixelization corresponding to the scale h̄ω/hf = 0.5 is also only
visible on graph (a) at zero temperature.

the Wigner function is locally dominated by these interference
effects. In such a situation, one would not be able to see the
overall picture of the Fermi step at chemical potential µ̄(t) =
µ − eV (t). As we shall see in Sec. III B2, Lorentzian pulses
realize such a situation.

B. Single electron sources

1. The mesoscopic capacitor

An on-demand single electron source can be realized using
a mesoscopic capacitor operated in the nonlinear regime. This
source was demonstrated in 2007 by Fève et al.8 Properly

operated, it emits a single electron and a single hole excitation
per period at GHz repetition rate. One of its main advantages is
that these excitations are energy resolved and that their average
energies and width can be tuned to some extent.

A description of this source can be achieved within a non-
interacting electron approximation using the framework of the
Floquet scattering theory. This approach has been developed
by Moskalets and Büttiker to describe quantum mechanical
pumping in mesoscopic conductors49 and since then has been
applied to a variety of systems among which is the mesoscopic
capacitor.50 In particular it has been used to predict the low-
and finite-frequency noise emitted by a periodically driven
mesoscopic conductor.51,52 These theoretical results have been
compared to experimental results on finite-frequency noise of
the source.53 The Floquet scattering amplitude for electrons
propagating through a driven quantum conductor is

SFl(t,t ′) = exp
(

ie

h̄

∫ t

t ′
Vd (τ ) dτ

)
S0(t − t ′), (37)

where Vd (τ ) is the periodic ac driving voltage applied to the dot
and S0(t − t ′) is the scattering amplitude across the undriven
conductor, expressed in real time. Knowing the Floquet
scattering amplitude (37) leads to the real time single electron
coherence emitted by the driven mesoscopic conductor24 in
terms of the Floquet scattering amplitudes Sn(ω) defined as

cout(ω) =
+∞∑

n=−∞
Sn(ω) cin(ω + 2πnf ). (38)

A Fourier transform then leads to the general expression for
the Wigner function emitted by a source described within the
framework of Floquet scattering theory:

W (e)(t,ω) =
+∞∑

n,k=−∞
Sk(ω + πnf )Sn+k(ω − πnf )∗

× fµ(ω + 2πf (k + n/2)) e−2π inf t . (39)

This expression can be used to compute either analytically
or numerically the Wigner function within Floquet scattering
theory.

Let us now discuss the numerical results for the mesoscopic
capacitor driven by a square voltage: V (t) = Vd for 0 < t !
T/2 and V (t) = −Vd for T/2 < t ! T . We namely consider
realistic values of the parameters of the mesoscopic capacitor:
hf/$ = 0.06, kBTel/$ = 0.01, and eVd = $/2 so that the
voltage step corresponds to the level spacing of the dot $.
These results are obtained by evaluating the single electron
coherence numerically using a specific form for the scattering
amplitude of the dot S0(ω) already used to interpret the
experimental data:15

S0(ω) =
√

1 − D − e2π ih̄(ω−ω0)/$

1 −
√

1 − D e2π ih̄(ω−ω0)/$
. (40)

Here D denotes the dot to lead transmission controlling the
tunneling between the dot and the chiral edge channel. Another
tunable parameter is the position h̄ω0 of the energy levels of
the dot which can be controlled by applying a dc voltage to its
top gate. Note that electron/hole symmetry is realized when
h̄ω0 is an integer multiple of $. Depending on D, various
behaviors are expected.

205303-7

Z t+⌧/2

t�⌧/2
V (⌧ 0) d⌧ 0 = ⌧V (t) +

V 00(t)
24

⌧3 + . . .

Tel = 0 K

Large amplitude and high temperature

µ(t) = �eVd(t)

Agitated Fermi sea:

DPP-fermions Lille 2018 Electronic coherence



ENS Ly
o

n

The LPA single electron source
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Single electron source

D. FERRARO et al. PHYSICAL REVIEW B 88, 205303 (2013)
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FIG. 3. (Color online) Density plot of the Wigner function emit-
ted by the mesoscopic capacitor at D = 1, hf/! = 0.06, kBTel/! =
0.01 and for a square voltage drive of amplitude eVd = !/2 in the
symmetric situation (ω0 = 0).

At D = 1, electrons go around the dot only once and feel the
effect of the voltage drive during a very short time τ0 which is
the time of flight around the dot. As shown on Fig. 3, excitation
emission is concentrated at the times where the voltage drive
changes. This is expected since it is precisely when the drive
changes that the electrons going through the dot feel a sudden
change of the electrical potential. Between two changes, the
dot acts as a purely elastic scatterer and therefore we expect to
see the emission of electrons as if they were coming straight
out of the reservoir. Consequently, the average current should
be a succession of current pulses of duration τ0 centered on
the sudden changes of the voltage drive.

From an edge magnetoplasmon perspective, the state
generated by the mesoscopic capacitor at D = 1 is a coherent
state. It is a coherent superposition of many electron/hole pairs
and therefore the single electron coherence is expected to
have an important contribution in the (e/h) quadrants. We thus
expect that excitations are created close to the Fermi level as
can be seen on Fig. 3.

When D decreases, the density of states within the dot
becomes more and more textured.8 Consequently we expect
the source to emit electron and hole excitations that are better
and better resolved in energy and time shifted by a half period.
Figure 4 confirms this physical picture: it clearly shows the
succession of electronic and hole excitations emitted by the
mesoscopic capacitor near its optimal point.

The shape of these pulses can indeed be understood very
simply by considering Lorentzian wave packets in energy,
truncated to energies above the Fermi level:

ϕ̃e(ω) = Ne %(ω)
ω − ωe − iγe/2

, (41)

where Ne ensures normalization and γe denotes the electron
escape rate from the quantum dot. For |h̄ω0| < !, we expect
the electron to be emitted by the mesoscopic capacitor at
energy h̄ωe = !/2 + h̄ω0 whereas the hole is expected at
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FIG. 4. (Color online) Density plot of the Wigner function
emitted by the mesoscopic capacitor at D = 0.4, hf/! = 0.06,
kBTel/! = 0.01 and for a square voltage drive of amplitude eVd =
!/2 in the symmetric situation (ω0 = 0).

energy h̄ωh = h̄ω0 − !/2. The electronic escape rate is then
given by54,55 γe = 2D!/h(2 − D).

To understand the limit γe/ωe ≪ 1, let us first neglect the
truncation of the wave packet. Within this approximation, the
associated excess Wigner function is given by

!W (e)(t,ω) ∼2γe%(t)
sin [2(ω − ωe)t]

ω − ωe
e−γet . (42)

This expression leads to a triangular shape which reflects
the Heisenberg time/energy uncertainty principle: right after
emission, the spreading in energy is large and then becomes
sharper. As expected the duration of the excitation is governed
by τe = 1/γe. This Wigner function also exhibits some
negative values appearing as dark quantum ripples on Fig. 5(b)
but apart from these, it is mainly a positive bump. Taking
into account the truncation of the Lorentzian in Eq. (41)
alters this image at low energy: it leads to the vanishing
of the single electron coherence outside the (e) quadrant as
shown on Fig. 5(a). Consequently, for ω ! ωe/2, the Fourier
transform of !W (e)(t,ω) with respect to t is much smaller for
pulsation lower than ωe/2 as can be seen on Fig. 5(b). The
residual interference pattern shows broader and fainter fringes
as ω goes to zero. These time oscillations at fixed ω arise
from the residual coherence in the (e) quadrant (ω± > 0) and
ω+ + ω− = 2ω.

This explains the band seen for |ω| ! !/2 on Fig. 4 for
|ω| ! |ωe|/2: the positive bump gives way to a fainter pattern
of interferences fringes. This truncation effect, which can be
interpreted as an expression of the Pauli principle, is of course
sharper when γe ≪ ωe. Its consequences in the time domain
are discussed in Appendix B. The same remarks apply to hole
excitations which appear as dips in the Fermi sea.

When decreasing D, the escape times of the electron and
hole increase as one enters the shot noise regime of the
source. When they become comparable to the half period
T/2, the electron and the hole do not have the time to
escape before the voltage drive changes again. In this case,
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Measuring single electron coherence
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Mach Zehnder interferometry
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Single electron tomography
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The electronic Hong Ou Mandel experiment
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The noise is the signal

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

Current noise measurements

«The noise is the signal » (R. Landauer 1998)
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Single electron tomography in a nutshell

Excess Wigner function of a small ac drive
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FIG. 3. (Color online) Density plot of the Wigner function emit-
ted by the mesoscopic capacitor at D = 1, hf/! = 0.06, kBTel/! =
0.01 and for a square voltage drive of amplitude eVd = !/2 in the
symmetric situation (ω0 = 0).

At D = 1, electrons go around the dot only once and feel the
effect of the voltage drive during a very short time τ0 which is
the time of flight around the dot. As shown on Fig. 3, excitation
emission is concentrated at the times where the voltage drive
changes. This is expected since it is precisely when the drive
changes that the electrons going through the dot feel a sudden
change of the electrical potential. Between two changes, the
dot acts as a purely elastic scatterer and therefore we expect to
see the emission of electrons as if they were coming straight
out of the reservoir. Consequently, the average current should
be a succession of current pulses of duration τ0 centered on
the sudden changes of the voltage drive.

From an edge magnetoplasmon perspective, the state
generated by the mesoscopic capacitor at D = 1 is a coherent
state. It is a coherent superposition of many electron/hole pairs
and therefore the single electron coherence is expected to
have an important contribution in the (e/h) quadrants. We thus
expect that excitations are created close to the Fermi level as
can be seen on Fig. 3.

When D decreases, the density of states within the dot
becomes more and more textured.8 Consequently we expect
the source to emit electron and hole excitations that are better
and better resolved in energy and time shifted by a half period.
Figure 4 confirms this physical picture: it clearly shows the
succession of electronic and hole excitations emitted by the
mesoscopic capacitor near its optimal point.

The shape of these pulses can indeed be understood very
simply by considering Lorentzian wave packets in energy,
truncated to energies above the Fermi level:

ϕ̃e(ω) = Ne %(ω)
ω − ωe − iγe/2

, (41)

where Ne ensures normalization and γe denotes the electron
escape rate from the quantum dot. For |h̄ω0| < !, we expect
the electron to be emitted by the mesoscopic capacitor at
energy h̄ωe = !/2 + h̄ω0 whereas the hole is expected at
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FIG. 4. (Color online) Density plot of the Wigner function
emitted by the mesoscopic capacitor at D = 0.4, hf/! = 0.06,
kBTel/! = 0.01 and for a square voltage drive of amplitude eVd =
!/2 in the symmetric situation (ω0 = 0).

energy h̄ωh = h̄ω0 − !/2. The electronic escape rate is then
given by54,55 γe = 2D!/h(2 − D).

To understand the limit γe/ωe ≪ 1, let us first neglect the
truncation of the wave packet. Within this approximation, the
associated excess Wigner function is given by

!W (e)(t,ω) ∼2γe%(t)
sin [2(ω − ωe)t]

ω − ωe
e−γet . (42)

This expression leads to a triangular shape which reflects
the Heisenberg time/energy uncertainty principle: right after
emission, the spreading in energy is large and then becomes
sharper. As expected the duration of the excitation is governed
by τe = 1/γe. This Wigner function also exhibits some
negative values appearing as dark quantum ripples on Fig. 5(b)
but apart from these, it is mainly a positive bump. Taking
into account the truncation of the Lorentzian in Eq. (41)
alters this image at low energy: it leads to the vanishing
of the single electron coherence outside the (e) quadrant as
shown on Fig. 5(a). Consequently, for ω ! ωe/2, the Fourier
transform of !W (e)(t,ω) with respect to t is much smaller for
pulsation lower than ωe/2 as can be seen on Fig. 5(b). The
residual interference pattern shows broader and fainter fringes
as ω goes to zero. These time oscillations at fixed ω arise
from the residual coherence in the (e) quadrant (ω± > 0) and
ω+ + ω− = 2ω.

This explains the band seen for |ω| ! !/2 on Fig. 4 for
|ω| ! |ωe|/2: the positive bump gives way to a fainter pattern
of interferences fringes. This truncation effect, which can be
interpreted as an expression of the Pauli principle, is of course
sharper when γe ≪ ωe. Its consequences in the time domain
are discussed in Appendix B. The same remarks apply to hole
excitations which appear as dips in the Fermi sea.

When decreasing D, the escape times of the electron and
hole increase as one enters the shot noise regime of the
source. When they become comparable to the half period
T/2, the electron and the hole do not have the time to
escape before the voltage drive changes again. In this case,

205303-8

title (eV/hf = 0.1, kBT/hf = 0.001)

-1 -0.5 0 0.5 1

ft

-3

-2

-1

0

1

2

3

!
/2
⇡
f

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

title (eV/hf = 0.1, kBT/hf = 0.001)

-1 -0.5 0 0.5 1

ft

-3

-2

-1

0

1

2

3

!
/2
⇡
f

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

title(eV/hf=0.1,kBT/hf=0.001)

-1-0.500.51

ft

-3

-2

-1

0

1

2

3

!
/2⇡

f

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

Variant implémentation: T. Jullien et al, Nature 514, 603-607 (2014)

DPP-fermions Lille 2018 Electronic coherence



ENS Ly
o

n

Two-electron coherence

2e-coherence:

• Encodes two-electron wave-functions 

• Symmetries in 4D space: quantum statistics

Question:

• Intrinsic contribution of the source to two-electron coherence? 

M. Moskalets, Phys. Rev. B. 89, 045402 (2012)

Two electron coherenceAPS March Meeting 2017
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Intrinsic two electron coherence

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

Two electron coherenceAPS March Meeting 2017

3. Cohérence à deux électrons, la statistique fermionique à l’œuvre.
3.2. Excès de cohérence à deux électrons émis par une source.
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Fig. 3.3 – Représentation diagrammatique de la cohérence à deux électrons. Un opérateur Â
est représenté par un trait plein orienté de l’émission vers la détection, alors qu’un opérateur Â†

est représenté par un trait pointillé orienté en sens inverse. Plusieurs processus contribuent à la
détection de deux électrons, dont les contributions sont représentées. La représentation schéma-
tique envisagée ici n’est valable qu’en l’absence d’interactions.
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Accessing two electron coherence

Current noise measurement

Direct noise measurement:

�Si(t, t
0) = Si(t, t

0)on � Si(t, t
0)o↵

Review
Article

Ann. Phys. (Berlin) 526, No. 1–2 (2014)
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Figure 8 Different terms of the noise spectrum S(ω) of a single
particle emitter. The blue dashed line represents the Fermi sea con-
tribution responsible for the high frequency cut-off, −SF defined
from Eq. (24), while the red trace is the noise spectrum neglecting
the Fermi sea contribution. The black trace is the total noise spec-
trum obtained from the substraction of the blue dashed line to the
red trace.

electron followed by one hole in a period T0, that is one
charge in time T0/2. The factor 2e2 f in Eq. (27) needs to
be replaced by 4e2 f in our case. A typical trace for the
noise spectrum is plotted on Fig. 8. The noise vanishes at
low frequency and grows on a scale given by the average
escape time, ω ∼ 1/τe. To reveal single particle emission,
current correlations need to be measured on a time scale
shorter than the average escape time, that is, through
high frequency noise measurements (typically at GHz
frequencies) [69]. As exactly a single particle is emitted
at each cycle of the source, the fluctuations cannot be at-
tributed to fluctuations in the emitted charge but rather
to fluctuations in the emission time. Due to the tunnel-
ing emission process, there is a random jitter between
the emission trigger and the emission time. Following
Eq. (27), the noise goes to a white noise limit at high
frequency ωτe ≫ 1 where correlations are dominated by
the first term proportional to δ(t − t′) [56,70]. However at
these high frequencies, correlations with the Fermi sea,
Eq. (24) cannot be neglected and are responsible for a
high frequency cutoff of the noise when ω ≥ $/(2!) (cor-
relations with the Fermi sea are plotted on blue dashed
line on Fig. 8. Indeed this cutoff can be interpreted as the
impossibility for a particle of energy $/2 above the Fermi
sea to emit a photon of energy greater than !ω = $/2 due
to Pauli blocking by the Fermi sea. A good choice of the
measurement frequency thus lies between these two lim-
its: 1

τe
≈ ω ≪ $/! which naturally sets the GHz as the ap-

propriate range.

Figure 9 Measurements of the high frequency noise S(ω =
2π f ), red dots, as a function of the emission time τe. The red
trace corresponds to the expected dependence, Eq. (28). Dashed
lines correspond to the asymptotic limits of perfect emitter (blue
dashed line) and shot noise (black dashed line). The black points
correspond to the measurements of the emission probability.

4.3 High frequency noise measurements

In the noise measurement, the output ohmic contact on
Fig. 3 is used both for the determination of the average
current and the high frequency noise (for further exper-
imental details, see ref. [71]). The typical order of mag-
nitude for the noise is given by e2 f ≈ 4.10−29 A2.Hz−1 for
a drive frequency f ≈ 1.5 GHz. We implemented a high
frequency noise measurement with a 600 MHz band-
width centered on the drive frequency and a noise sen-
sitivity of a few 10−30 A2.Hz−1 in a few hours measure-
ment time. The noise was calibrated by measuring the
equilibrium noise of a 50 Ohms resistor as a function of
the temperature. In such noise measurements, it is very
hard to change the measurement frequency as it would
be required in order to check Eq. (27). However, the de-
pendence in the measurement frequency goes like ωτe

which allows to work at fixed frequency, chosen as ω =
2π f (where f is the frequency of the excitation drive) but
variable average escape time to check the frequency de-
pendence. Measurements of the noise [54, 67] as a func-
tion of the escape time are plotted on Fig. 9. For short
escape times, the noise exactly follows the expected de-
pendence (blue trace). However, when the escape time
becomes comparable with the half period, the noise de-
viates from the limit of the perfect emitter. This can be
understood, as in this limit of long escape times, elec-
trons do not have enough time to escape the dot and

C⃝ 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 13www.ann-phys.org

Noise spectrum of the mesoscopic capacitor

�S(!) =

Z
�Si(t+ ⌧/2, t� ⌧/2)

t
ei!⌧ d⌧Noise spectrum:

A. Mahé et al, Phys. Rev. B 82, 201309 (2010) 
F. Parmentier et al, Phys. Rev. B 85, 165438 (2012)

S
i(t)

Two electron coherence and current noise

Si(t, t
0) = hi(t) i(t0)i � hi(t)ihi(t0)i

APS March Meeting 2017

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

Current noise from electronic coherences
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Generalized Franson interferometer

RAPID COMMUNICATIONS

TWO-ELECTRON COHERENCE AND ITS MEASUREMENT IN . . . PHYSICAL REVIEW B 93, 081302(R) (2016)

contact (QPC). As expected from quantum optics, !Sout
12 (t,t ′)

defined as the excess of current correlation

Sout
12 (t,t ′) =

〈
iout
1 (t)iout

2 (t ′)
〉
−

〈
iout
1 (t)

〉〈
iout
2 (t ′)

〉
(9)

is related to the diagonal part of !G(2e)
S by

!Sout
12 (t,t ′) = (evF )2RT !G(2e)

S (t,t ′|t,t ′) − ⟨i1(t)⟩⟨i2(t ′)⟩
(10)

thus showing that correlation measurements in the HBT setup
give direct access to the diagonal part of !G(2e)

S .
Let us now focus on the off-diagonal part of two-electron

coherence emitted by the source. First of all, for a train
of electronic wave packets, Eq. (6) shows that the only
off-diagonal contributions to !G(2e)

S arise from terms of
the form ϕi(t1)ϕj (t2)ϕi(t ′1)ϕj (t ′2) where i ̸= j and from their
image under exchange operations (t1,t2; t ′1,t

′
2) &→ (t2,t1; t ′1,t

′
2)

or (t1,t2; t ′1,t
′
2) &→ (t2,t1; t ′2,t

′
1). Since the antisymmetry

!G(2e)
S (t1,t2|t ′1,t ′2) = −!G(2e)

S (t2,t1|t ′1,t ′2)

= −!G(2e)
S (t1,t2|t ′2,t ′1)

(11)

is purely kinematical, the physical two-electron coherence
time corresponds to the decay of ϕi(t1)ϕi(t ′1)ϕj (t2)ϕj (t ′2) as
a function of τ1 = t1 − t ′1 and τ2 = t2 − t ′2 and not from their
images under the above exchange operations. Therefore, in
this particular situation, the two-electron coherence time is
related to the durations of the wave packets that govern the
single-electron coherence time scale.

On the other hand, quantum superposition of two
time-shifted Slater determinants introduces a new time
scale for two-electron coherence. The two-electron state
(ψ†[ϕa]ψ†[ϕb]|F ⟩ + ψ†[ϕc]ψ†[ϕd ]|F ⟩)/

√
2 with mutually

orthogonal wave packets leads to

!G(2e)(t1,t2|t ′1,t ′2) = 1
2

∑

pairs
{ij},{kl}

%ij (t1,t2)%∗
kl(t

′
1,t

′
2). (12)

Terms involving identical pairs correspond to Eq. (6) and their
contributions are located close to the diagonal. Assuming that
ϕc,d are the time shifted by !Ttb of ϕa,b, terms with {i,j} ̸=
{k,l} contribute to off-diagonal two-electron coherences, now
extending over !Ttb. These coherences are a signature of the
time-bin entanglement [46,47] of the quantum superposition
of ψ†[ϕa]ψ†[ϕb]|F ⟩ and ψ†[ϕc]ψ†[ϕd ]|F ⟩.

To be captured, quantum correlations contained in the
off-diagonal parts (t1 ̸= t ′1 and t2 ̸= t ′2) must be converted into

measurable quantities. As discussed by Haack et al. [39],
an ideal Mach-Zehnder interferometer (MZI) converts off-
diagonal coherence in the time domain into an average
current, i.e., diagonal coherence. This idea naturally leads to
a Franson interferometerlike setup [37] depicted in Fig. 3,
in which MZI are added in each outgoing arm of a beam
splitter. Such a setup was introduced in electron quantum
optics to evidence two-particle Aharonov-Bohm effect and
entanglement generation [48]. Here, we use it differently,
namely, as a measurement device, as originally proposed in
photon quantum optics [37,46,47].

The current correlation between the two outgoing arms
Lout and Rout picks up a magnetic flux dependence through
the Aharonov-Bohm magnetic phases %L,R . The contributions
depending on both magnetic fluxes, called twice Aharonov-
Bohm terms, involve delocalization on both MZI and are the
only ones involving off-diagonal two-electron coherences in
the time domain. They give access to the intrinsic two-electron
coherence of the source since

⟨iL(t1)iR(t2)⟩2AB

= (evF )2κ
(
!G(2e)

S (t1 − δtL,t2 − δtR|t1,t2) ei(%L+%R )

+!G(2e)
S (t1,t2|t1 − δtL,t2 − δtR) e−i(%L+%R )

+!G(2e)
S (t1 − δtL,t2|t1,t2 − δtR) ei(%L−%R )

+!G(2e)
S (t1,t2 − δtR|t1 − δtL,t2) e−i(%L−%R )), (13)

where δtL,R are the time delays within the two MZI and
κ = R0T0R1T1R2T2 denotes the product of all the reflection
and transmission probabilities of the beam splitters. Each
contribution to the right-hand side of Eq. (13) can be isolated
by a Fourier transform of current correlation with respect
to %L,R . Low-frequency correlations thus gives access to
the real and imaginary parts of the integral over (t1,t2) of
!G(2e)

S (t1 − δtR,t2 − δtL|t1,t2).
Figures 4(a) and 4(b) present these quantities as functions

of δtL and δtR when (S) emits a pair of Landau excitations
separated by !t = 3τe. Both plots show a central peak at
δtL = δtR ≃ 0 and satellite peaks at δtL ≃ −δtR ≃ ± 3τe.
The central peak arises from single-electron interferences
which are visible as soon as δtL and δtR are shorter than
the single-electron coherence time. The satellite peaks are
due to nonlocal two-electron interferences between the two
time-shifted electrons of the pair. Their symmetry comes from
the generic antisymmetry of two-electron coherence, Eq. (11).
They spread along the line δtL = −δtR over the total duration
of the train corresponding to a classical correlation time and,

FIG. 3. Franson interferometer setup used to access two-particle coherence in the time domain. The left (L) and right (R) MZI are pierced
by magnetic fluxes %L,R and have time delays δtL,R . An electron source is connected to the channel 1s, whereas channels 2s, L′in and R′in are
grounded. The quantity of interest is the current correlation ⟨iLout(t)iRout(t ′)⟩.
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A-detector 
Signal: outgoing currents

B-detector 
Signal: outgoing currents

Accessing two electron coherence

iA iB

Current correlations after the detectors: hiA iBi =
⇣
L(1)
A ⌦ L(2)

B

⌘ h
�G(2e)

outBS0
(1 t1; 2 t2|1 t01; 2 t02)

i

Two particle interferences at the beam splitter: �G(2e)
outBS0

(1 t1; 2 t2|1 t01; 2 t02) = RT �G(2e)
S (t1, t2|t01, t02)

APS March Meeting 2017

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

RAPID COMMUNICATIONS

TWO-ELECTRON COHERENCE AND ITS MEASUREMENT IN . . . PHYSICAL REVIEW B 93, 081302(R) (2016)

contact (QPC). As expected from quantum optics, !Sout
12 (t,t ′)

defined as the excess of current correlation

Sout
12 (t,t ′) =

〈
iout
1 (t)iout

2 (t ′)
〉
−

〈
iout
1 (t)

〉〈
iout
2 (t ′)

〉
(9)

is related to the diagonal part of !G(2e)
S by

!Sout
12 (t,t ′) = (evF )2RT !G(2e)

S (t,t ′|t,t ′) − ⟨i1(t)⟩⟨i2(t ′)⟩
(10)

thus showing that correlation measurements in the HBT setup
give direct access to the diagonal part of !G(2e)

S .
Let us now focus on the off-diagonal part of two-electron

coherence emitted by the source. First of all, for a train
of electronic wave packets, Eq. (6) shows that the only
off-diagonal contributions to !G(2e)

S arise from terms of
the form ϕi(t1)ϕj (t2)ϕi(t ′1)ϕj (t ′2) where i ̸= j and from their
image under exchange operations (t1,t2; t ′1,t

′
2) &→ (t2,t1; t ′1,t

′
2)

or (t1,t2; t ′1,t
′
2) &→ (t2,t1; t ′2,t

′
1). Since the antisymmetry

!G(2e)
S (t1,t2|t ′1,t ′2) = −!G(2e)

S (t2,t1|t ′1,t ′2)

= −!G(2e)
S (t1,t2|t ′2,t ′1)

(11)

is purely kinematical, the physical two-electron coherence
time corresponds to the decay of ϕi(t1)ϕi(t ′1)ϕj (t2)ϕj (t ′2) as
a function of τ1 = t1 − t ′1 and τ2 = t2 − t ′2 and not from their
images under the above exchange operations. Therefore, in
this particular situation, the two-electron coherence time is
related to the durations of the wave packets that govern the
single-electron coherence time scale.

On the other hand, quantum superposition of two
time-shifted Slater determinants introduces a new time
scale for two-electron coherence. The two-electron state
(ψ†[ϕa]ψ†[ϕb]|F ⟩ + ψ†[ϕc]ψ†[ϕd ]|F ⟩)/

√
2 with mutually

orthogonal wave packets leads to

!G(2e)(t1,t2|t ′1,t ′2) = 1
2

∑

pairs
{ij},{kl}

%ij (t1,t2)%∗
kl(t

′
1,t

′
2). (12)

Terms involving identical pairs correspond to Eq. (6) and their
contributions are located close to the diagonal. Assuming that
ϕc,d are the time shifted by !Ttb of ϕa,b, terms with {i,j} ̸=
{k,l} contribute to off-diagonal two-electron coherences, now
extending over !Ttb. These coherences are a signature of the
time-bin entanglement [46,47] of the quantum superposition
of ψ†[ϕa]ψ†[ϕb]|F ⟩ and ψ†[ϕc]ψ†[ϕd ]|F ⟩.

To be captured, quantum correlations contained in the
off-diagonal parts (t1 ̸= t ′1 and t2 ̸= t ′2) must be converted into

measurable quantities. As discussed by Haack et al. [39],
an ideal Mach-Zehnder interferometer (MZI) converts off-
diagonal coherence in the time domain into an average
current, i.e., diagonal coherence. This idea naturally leads to
a Franson interferometerlike setup [37] depicted in Fig. 3,
in which MZI are added in each outgoing arm of a beam
splitter. Such a setup was introduced in electron quantum
optics to evidence two-particle Aharonov-Bohm effect and
entanglement generation [48]. Here, we use it differently,
namely, as a measurement device, as originally proposed in
photon quantum optics [37,46,47].

The current correlation between the two outgoing arms
Lout and Rout picks up a magnetic flux dependence through
the Aharonov-Bohm magnetic phases %L,R . The contributions
depending on both magnetic fluxes, called twice Aharonov-
Bohm terms, involve delocalization on both MZI and are the
only ones involving off-diagonal two-electron coherences in
the time domain. They give access to the intrinsic two-electron
coherence of the source since

⟨iL(t1)iR(t2)⟩2AB

= (evF )2κ
(
!G(2e)

S (t1 − δtL,t2 − δtR|t1,t2) ei(%L+%R )

+!G(2e)
S (t1,t2|t1 − δtL,t2 − δtR) e−i(%L+%R )

+!G(2e)
S (t1 − δtL,t2|t1,t2 − δtR) ei(%L−%R )

+!G(2e)
S (t1,t2 − δtR|t1 − δtL,t2) e−i(%L−%R )), (13)

where δtL,R are the time delays within the two MZI and
κ = R0T0R1T1R2T2 denotes the product of all the reflection
and transmission probabilities of the beam splitters. Each
contribution to the right-hand side of Eq. (13) can be isolated
by a Fourier transform of current correlation with respect
to %L,R . Low-frequency correlations thus gives access to
the real and imaginary parts of the integral over (t1,t2) of
!G(2e)

S (t1 − δtR,t2 − δtL|t1,t2).
Figures 4(a) and 4(b) present these quantities as functions

of δtL and δtR when (S) emits a pair of Landau excitations
separated by !t = 3τe. Both plots show a central peak at
δtL = δtR ≃ 0 and satellite peaks at δtL ≃ −δtR ≃ ± 3τe.
The central peak arises from single-electron interferences
which are visible as soon as δtL and δtR are shorter than
the single-electron coherence time. The satellite peaks are
due to nonlocal two-electron interferences between the two
time-shifted electrons of the pair. Their symmetry comes from
the generic antisymmetry of two-electron coherence, Eq. (11).
They spread along the line δtL = −δtR over the total duration
of the train corresponding to a classical correlation time and,

FIG. 3. Franson interferometer setup used to access two-particle coherence in the time domain. The left (L) and right (R) MZI are pierced
by magnetic fluxes %L,R and have time delays δtL,R . An electron source is connected to the channel 1s, whereas channels 2s, L′in and R′in are
grounded. The quantity of interest is the current correlation ⟨iLout(t)iRout(t ′)⟩.
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The original Franson interferometer

A-detector 
Signal: outgoing currents 
Parameters: time of flights, AB flux

B-detector 
Signal: outgoing currents 
Parameters: time of flights, AB flux

4. Faire interférer pour mesurer et contrôler les cohérences.
4.4. Interférométrie non-locale à deux électrons.

deux MZI. Quatre termes y contribuent, et les deux phases Aharonov–Bohm sont impliquées,

�G
(2e)
out,2AB(1 t1, 2 t2|1 tÕ

1, 2 tÕ
2) = R0 T0 R1 T1 R2 T2 ei(„1+„2) �G

(2e)
1s (t1 ≠ �·1, t2 ≠ �·2|tÕ

1, tÕ
2)

(4.72a)

+ R0 T0 R1 T1 R2 T2 e≠i(„1+„2) �G
(2e)
1s (t1, t2|tÕ

1 ≠ �·1, tÕ
2 ≠ �·2) (4.72b)

+ R0 T0 R1 T1 R2 T2 ei(„1≠„2) �G
(2e)
1s (t1 ≠ �·1, t2|tÕ

1, tÕ
2 ≠ �·2) (4.72c)

+ R0 T0 R1 T1 R2 T2 ei(≠„1+„2) �G
(2e)
1s (t1, t2 ≠ �·2|tÕ

1 ≠ �·1, tÕ
2) (4.72d)

(a) Terme (4.70c) de propagation classique.

t2

tÕ
2t1

tÕ
1

(b) Terme (4.71a) délocalisé une fois.

t2

tÕ
2t1

tÕ
1

(c) Terme (4.71e) délocalisé une fois.

t2

tÕ
2t1

tÕ
1

(d) Terme (4.72c) délocalisé deux fois.

t1

t2

tÕ
2

tÕ
1

Fig. 4.15 – Exemples de propagation des cohérences dans un interféromètre de Franson
électronique. Quatre termes de propagation sont illustrés, un par nombre de délocalisation.
Comme tout au long du manuscrit, un opérateur annihilation est représenté par une ligne pleine
orientée de la source vers la détection alors qu’un opérateur destruction est représenté par une
ligne pointillée orientée en sens inverse. Les couleurs reprennent leur signification habituelle : les
lignes bleues décrivent la détection associée aux temps (t1, tÕ

1) et les lignes rouges celle associée
aux temps (t2, tÕ

2).

Extraction de l’excès de cohérence hors-diagonal des mesures de bruit

Première version :
L’excès de cohérence à deux électrons en sortie, déduit des mesures de bruit et de courant

supposées ici résolues en temps, contient donc ces seize contributions. À la lecture de ces ex-
pressions, il apparaît cependant que seuls les termes 2AB de l’équation (4.72) contiennent une
information sur la cohérence du secteur 1s pour un quadruplet de temps di�érents. Par consé-
quent, il est nécessaire d’isoler leur contribution de celle des termes moins intéressants. Leur
dépendance en les deux phases Aharonov–Bohm permet cela : en réalisant les mesures pour une
configuration de la source et des di�érences de temps de vol données mais en faisant varier les
champs magnétiques et donc les phases Aharonov–Bohm au niveau de chaque interféromètre, une
double transformée de Fourier par rapport aux champs magnétiques permet d’isoler ces contri-
butions. En e�et, par définition, ce sont les seules à dépendre des deux phases Aharonov–Bohm.
Remarquons pour finir que ce sont ces termes 2AB qui encodent la possibilité d’interférences
à deux électrons non-localisées. Ce phénomène est donc bien au cœur du protocole de mesure
envisagé.

En résumé, le protocole proposé est le suivant :
Û à géométrie fixée, mesurer le bruit de sortie pour di�érentes valeurs des flux magnétiques

traversant les interféromètres ;
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The Franson signal: current correlations between left/right detectors with both flux sensitivities

APS March Meeting 2017

�tL �tR

�L �R

tL tR

⇠ (evF )
2e�i(�L+�R)�G(2e)

S (tL, tR|tL � �tL, tR � �tR)
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Franson signals

An electron pair

Franson interferometry current noise signals

4. Faire interférer pour mesurer et contrôler les cohérences.
4.4. Interférométrie non-locale à deux électrons.
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(a) Paire simple ou mélange, partie réelle.
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(b) Paire simple ou mélange, partie imaginaire.

(c) Train de cinq levitons, partie réelle. (d) Train de cinq levitons, partie imaginaire.

(e) Paire intriquée, partie réelle. (f) Paire intriquée, partie imaginaire.

Fig. 4.17 – Fraction de bruit mesurée en sortie d’un interféromètre de type Franson. La
fraction de bruit basse fréquence S2AB en unité de (e vF )2 telle qu’elle est accessible en sortie
d’un interféromètre de Franson est représentée en fonction des di�érences de temps de vol �·1
et �·2. Trois exemples sont analysés. Tous les exemples sont formés à partir de levitons mono-
électroniques, décalés de �t = 10 ·e, dont l’expression du paquet d’ondes est donnée équa-
tion (2.68), page 51. Figures (a) et (b) : mélange statistique de paires décalées, l’écart entre les
paires mélangées ne joue aucun rôle en raison de l’intégration temporelle. Le signal est donc le
même que pour une simple paire. Figures (c) et (d) : train de cinq levitons. Figures (e) et (f) :
paire intriquée en fenêtre de temps, au sens de l’équation (4.78), page 153, l’intervalle entre les
deux fenêtres de temps valant �Tint = 30 ·e.
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4. Faire interférer pour mesurer et contrôler les cohérences.
4.4. Interférométrie non-locale à deux électrons.

(a) Paire simple ou mélange, partie réelle. (b) Paire simple ou mélange, partie imaginaire.

(c) Train de cinq levitons, partie réelle. (d) Train de cinq levitons, partie imaginaire.
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(e) Paire intriquée, partie réelle.
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(f) Paire intriquée, partie imaginaire.

Fig. 4.17 – Fraction de bruit mesurée en sortie d’un interféromètre de type Franson. La
fraction de bruit basse fréquence S2AB en unité de (e vF )2 telle qu’elle est accessible en sortie
d’un interféromètre de Franson est représentée en fonction des di�érences de temps de vol �·1
et �·2. Trois exemples sont analysés. Tous les exemples sont formés à partir de levitons mono-
électroniques, décalés de �t = 10 ·e, dont l’expression du paquet d’ondes est donnée équa-
tion (2.68), page 51. Figures (a) et (b) : mélange statistique de paires décalées, l’écart entre les
paires mélangées ne joue aucun rôle en raison de l’intégration temporelle. Le signal est donc le
même que pour une simple paire. Figures (c) et (d) : train de cinq levitons. Figures (e) et (f) :
paire intriquée en fenêtre de temps, au sens de l’équation (4.78), page 153, l’intervalle entre les
deux fenêtres de temps valant �Tint = 30 ·e.

Ve
rs

io
n

du
4

ju
in

20
15

156

A time-bin entangled electron pair
Two Levitons separated by 10x their width Quantum superposition of two pairs separated by 30x their width

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

APS March Meeting 2017
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Take home message #2

Classical signal

Quantum signals

Higher order coherence: information on the full charge statistics…

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

NONE !

G(e)
⇢ (x, t|x0, t0) = Tr( (x, t) ⇢ †(x0, t0))

DPP-fermions Lille 2018 Electronic coherence

G(2e)
⇢ (1, 2|10, 20) = Tr

�
 (2) (1)⇢ †(10) †(20)

�

Problem: really hard to access experimentally…
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Take home message #3 

Conclusion

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

Hong Ou Mandel interferometry

Mach-Zehnder interferometry MZI hi(out)dc i

�G(e)
1

�G(e)
2

HOM S(out)
i (! = 0)

linear filtering

overlap

�G(e)

Franson interferometry Fr.I�G(2e)
�S(out)

12 linear filtering

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

DPP-fermions Lille 2018

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

• Introduction 

• Lessons from quantum optics 

• Electron quantum optics 

• Signal processing for quantum electrical currents 

• Conclusion & perspectives
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Autopsy of a quantum electrical current ?

Signal processing
for electron

quantum optics

B. Roussel

Electron
quantum optics
LPA source
Electron
coherence

Extracting
wavefunctions
Waves
Entropy
Wavefunctions
Examples
Use in experiment

Summary and
outlook

Single electron source (LPA)

o;(i)

i/h

�2o;(i)/�

�0.55

0.55

.

o;(i)

DPP-fermions Lille 2018 Signal processing for electronic coherence

What are the single electron wave functions contained in this electrical current ?

B. Roussel, PhD thesis (tel-01730943)
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A not so trivial problem…Signal processing
for electron

quantum optics

B. Roussel

Electron
quantum optics
LPA source
Electron
coherence

Extracting
wavefunctions
Waves
Entropy
Wavefunctions
Examples
Use in experiment

Summary and
outlook

Coherence of LPA source

How can we extract wavefunctions from electron coherence?

D = 0.1 D ⇡ Dopt D = 0.8
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Signal processing
for electron

quantum optics

B. Roussel
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quantum optics
LPA source
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Examples
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Summary and
outlook

Single electron source (LPA)
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DPP-fermions Lille 2018 Signal processing for electronic coherence

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

Signal processing
for electron

quantum optics

B. Roussel

Electron
quantum optics
LPA source
Electron
coherence

Extracting
wavefunctions
Waves
Entropy
Wavefunctions
Examples
Use in experiment

Summary and
outlook

Extracting waves

Full coherence

(theory/experiment)

Electronic part of

the coherence

Spectrum and

eigenmodes

⇧
!>0 Diag

Bloch theory Electron quantum optics

a cell size T period

k quasi-momentum ⌫ quasi-pulsation

| n(k)i Bloch waves | n(⌫)i eigenmodes

En(k) energy spectrum pn(⌫) probability spectrum

DPP-fermions Lille 2018 Signal processing for electronic coherence
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Extracting « electronic atoms of signal »

Signal processing
for electron

quantum optics

B. Roussel

Electron
quantum optics
LPA source
Electron
coherence

Extracting
wavefunctions
Waves
Entropy
Wavefunctions
Examples
Use in experiment

Summary and
outlook

Extracting wavefunctions

Full coherence

(th/exp)

Electronic part of

the coherence

Spectrum and

eigenmodes

Wannier

functions

⌫
=

0.1
⌫
=

0.5
⌫
=

0.9

Basis analoguous to Wannier functions:

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

Coherences from one period to the other in the same band (↵n(l))

DPP-fermions Lille 2018 Signal processing for electronic coherence
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Signal processing
for electron

quantum optics

B. Roussel

Electron
quantum optics
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Examples
Use in experiment

Summary and
outlook
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Source quality assessment
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Non-interacting case, T = 0 K

spectrum

l
entanglement spectrum

von Neumann entropy (SvN)

measures

electron-hole entanglement 0.00
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SvN

(�/hf = 20)

Informational criterion of the purity of the source

Floquet Bloch spectrum = Entanglement spectrum

 out(t) =

Z
S(t, t0) in(t

0) dt0

Sin out

| i = (u+ v  †['e] ['h])|Fµi

Floquet scattering

Electron/hole entanglement

u and v 6= 0

Result: information theoretical measure of e/h entanglement at T=0 K

Signal processing for electronic coherence
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Experimental results (sinusoidal drive)

DPP-fermions Lille 2018 Signal processing for electronic coherence
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FIG. 3. Left panel: measured �W (e)
S,n(!) for n = 0 to n = 3 for sinusoidal drives at frequency f =

10MHz and f = 9GHz. The observed parity: �W (e)
S,n(�!) = (�1)

n+1
�W (e)

S,n(!), directly stems from

the electron/hole symmetry of the sinusoidal drive. Right panel: Time-energy representation of the Wigner

distribution W (e)
S (t,!).

12

Classical regime : 10 MHz / 100 mK

A. Marguerite et al, arXiv:1710.11181
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S,n(!) for n = 0 to n = 3 for sinusoidal drives at frequency f =

10MHz and f = 9GHz. The observed parity: �W (e)
S,n(�!) = (�1)

n+1
�W (e)

S,n(!), directly stems from

the electron/hole symmetry of the sinusoidal drive. Right panel: Time-energy representation of the Wigner

distribution W (e)
S (t,!).
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Quantum regime: 9 Ghz / 100 mK

A. Marguerite et al, arXiv:1710.11181
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Experimental results (sinusoidal drive)
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10MHz and f = 9GHz. The observed parity: �W (e)
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n+1
�W (e)

S,n(!), directly stems from

the electron/hole symmetry of the sinusoidal drive. Right panel: Time-energy representation of the Wigner

distribution W (e)
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Quantum regime: 9 Ghz / 60 mK

A. Marguerite et al, arXiv:1710.11181
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Wave function extractions (9 GHz, 60 mK)

V =31µV
T =0K
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FIG. 4. Upper panel: Wigner distribution functions W
'
(e/h)
1

(t,!) =
R
d⌧'(e/h)

1 (t + ⌧
2 )'

(e/h)⇤
1 (t � ⌧

2 )e
i!⌧

for the dominant electronic '(e)
1 and hole '(h)

1 wavefunctions for f = 9 GHz and Tel = 0.06K ('(e/h)
1

obtained at Tel = 0.1K are almost identical). The panels in the margins of the colour plots represent the

time |'(e/h)
1 (t)|2/f and energy f |'(e/h)

1 (!)|2 distributions obtained by integration of W
'
(e/h)
1

(t,!) over

! and t. Lower panel: moduli of the interperiod coherence |g(e)(l)|, |g(h)(l)| and |g(eh)(l)| (colored bars

correspond to numerical simulations and colored dots to the experimental data).

13

Dominant electron and hole wave functions

A. Marguerite et al, arXiv:1710.11181
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FIG. 4. Upper panel: Wigner distribution functions W
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d⌧'(e/h)

1 (t + ⌧
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for the dominant electronic '(e)
1 and hole '(h)

1 wavefunctions for f = 9 GHz and Tel = 0.06K ('(e/h)
1

obtained at Tel = 0.1K are almost identical). The panels in the margins of the colour plots represent the

time |'(e/h)
1 (t)|2/f and energy f |'(e/h)

1 (!)|2 distributions obtained by integration of W
'
(e/h)
1

(t,!) over

! and t. Lower panel: moduli of the interperiod coherence |g(e)(l)|, |g(h)(l)| and |g(eh)(l)| (colored bars

correspond to numerical simulations and colored dots to the experimental data).
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What have we done ?
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FIG. 3. Upper panel: Wigner distribution functions W'(e/h)(t,!) =R
d⌧'(e/h)

(t + ⌧
2 )'

(e/h)⇤
(t � ⌧

2 )e
i!⌧ for the dominant electronic

'(e) and hole '(h) atoms of signal for f = 9 GHz and Tel = 0.06K
('(e/h) obtained at Tel = 0.1K are almost identical). The panels
in the margins of the colour plots represent the time |'(e/h)

(t)|2/f
and energy f |'(e/h)

(!)|2 distributions obtained by integration of
W'(e/h)(t,!) over ! and t. Lower panel: moduli of the interperiod
coherence |g(e)(l)|, |g(h)(l)| and |g(eh)(l)| (colored bars correspond
to numerical simulations and colored dots to the experimental data).

The lower panel of Fig. 3 depicts the moduli of the inter-
period coherences between emitted wavepackets for different
temperatures (the zero temperature case is obtained by nu-
merical simulation). When the temperature increases, the oc-
cupation probabilities g(e)(0) and g(h)(0) increase from 0.17
(Tel = 0mK) to 0.26 (60mK) and 0.28 (100mK). Coherences
between different periods, g(e)(l 6= l0) and g(h)(l 6= l0), also
appear and extend on the thermal coherence time (h/kBTel '
0.5 ns at 100mK). This reflects that at finite temperature, the
electron and hole states '(e/h) have a finite probability to be
occupied by thermal excitations. As we are not in the single
electron regime (both g(e)(0) ' g(h)(0) 6= 1) we also observe
non-zero electron/hole coherence: g(eh)(l � l0) 6= 0. Interest-
ingly, these terms are suppressed by thermal fluctuations, re-
flecting the transition from a pure quantum state (Tel = 0mK)
to a statistical mixture at higher temperature. The pure Tel = 0
state corresponds to a fully coherent quantum superposition
between an electron occupying either '(h) or '(e) with am-
plitudes

p
g(e) =

p
g(h). When temperature increases, ther-

mal fluctuations induce a finite probability that '(e) and '(h)

are both occupied or both empty and the resulting state is a
statistical mixture of these three processes. Our algorithm
enables a quantitative description by computing a purity in-
dicator from the extracted inter-period coherences (see Sup-
plementary Information). It quantifies the weight of coherent

electron/hole processes with respect to all emitted excitations.
By construction it equals 1 at zero temperature and, from our
experimental data, decreases to 0.64 at Tel = 60mK and to
0.56 at Tel = 100mK. Numerical evaluation of the same
quantity from Floquet simulations give 0.999 at zero temper-
ature, 0.725 at 60mK and 0.588 at 100mK which is consistent
with the experimental data.
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FIG. 4. Upper panel: �W (e)
S,n(!) (n = 0 to n = 4) and W (e)

S (t,!)
for f = 4GHz, Tel = 55mK and VS = 60 µV. Lower panel:
Wigner distribution functions for the two dominant electron atoms
of signal '(e)

1 and '(e)
2 . Compared to their electronic counterpart,

the two hole atoms of signal '(h)
1/2 (not shown on the figure) are time

shifted by the half period and symmetric with respect to the energy
axis.

Finally, Fig. 4 presents the same results (measurement of
W (e)

S (t,!) and extraction of the electronic wavefunctions)
for a quantum current of higher amplitude (f = 4GHz,
VS = 60 µV and Tel = 55mK) corresponding to a ratio
↵ ⇡ 3.6. Our analysis unambiguously shows that, for this
higher excitation amplitude, the quantum electrical current is
built from two hole ('(h)

1 and '(h)
2 ) and two electron ('(e)

1

and '(e)
2 ) wavefunctions represented on the lower panel of

Fig. 4. Even though the average number of emitted electron
hole pairs is close to 1 (q ⇡ 1.1), the emission probabilities
g(e)1 (0) = g(h)1 (0) = 0.85 and g(e)2 (0) = g(h)2 (0) = 0.25 are
not equal to unity reflecting the fact that the sinusoidal drive
is not a good single electron/hole emitter. Moreover, these
results demonstrate that our quantum current analyzer is per-
fectly able to distinguish between the regime where a single
electron/hole state is generated (f = 9GHz, ↵ = 0.8) and a
regime in which two single electron/hole states contribute to
the current (f = 4GHz, ↵ = 3.6).

To conclude, we have demonstrated a quantum electrical
current analyzer which extracts the single electron and hole
wavefunctions, as well as their emission probabilities and co-
herence from one emission period to the next. It also takes
into account the contamination of the electronic state by ther-

Noise data Wigner function Individual wave functions

Tomography from HOM 
interferometry (aka « quantum 
signal processing »)

« Quantum signal » processing
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Lorentzian voltage pulses
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FIG. 5. a) Measured �W (e)
S,n(!) (n = 0 to n = 4) for the single electron Lorentzian pulse at f = 4GHz,

⌧ = 40 ps and Tel = 50mK. b) W (e)
S (t,!), the dashed line represents the voltage pulse V (t) = h/e2I(t)

where I(t) is obtained by integrating W (e)
S (t,!) on energy !. c) Wigner representation of '(e)

1 (t) (left)

and '(e)
2 (t) (right). The panels in the margins represent the time |'(e)

i (t)|2 and energy |'(e)
i (!)|2 distribu-

tions obtained by integration of W
'
(e)
i
(t,!) over ! and t. |'(e)

1 (!)|2 is represented in log scale for better

comparison with theoretical predictions with single shot (red dashed line) and periodic (blue dashed line)

Lorentzian wavepackets (with ⌧ = 42 ps). As it can be seen from the very good agreement with the blue

dashed line, the steplike behaviour of |'(e)
1 (!)|2 comes from the periodicity of the drive.

14

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

A. Marguerite et al, arXiv:1710.11181
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Wave function extraction (Lorentzian pulse)

A 40 ps single electron Leviton @50 mK, repeated at 4 GHz
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FIG. 5. a) Measured �W (e)
S,n(!) (n = 0 to n = 4) for the single electron Lorentzian pulse at f = 4GHz,

⌧ = 40 ps and Tel = 50mK. b) W (e)
S (t,!), the dashed line represents the voltage pulse V (t) = h/e2I(t)

where I(t) is obtained by integrating W (e)
S (t,!) on energy !. c) Wigner representation of '(e)

1 (t) (left)

and '(e)
2 (t) (right). The panels in the margins represent the time |'(e)

i (t)|2 and energy |'(e)
i (!)|2 distribu-

tions obtained by integration of W
'
(e)
i
(t,!) over ! and t. |'(e)

1 (!)|2 is represented in log scale for better

comparison with theoretical predictions with single shot (red dashed line) and periodic (blue dashed line)

Lorentzian wavepackets (with ⌧ = 42 ps). As it can be seen from the very good agreement with the blue

dashed line, the steplike behaviour of |'(e)
1 (!)|2 comes from the periodicity of the drive.

14

Not really single electronic !!!
A. Marguerite et al, arXiv:1710.11181
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Take home message #3

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

A proof of concept of the quantum current analyzer has been demonstrated !

Signal processing
for electron
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Theory vs experiment: perspective

Signal processing
for electron

quantum optics

B. Roussel

Electron
quantum optics
LPA source
Electron
coherence

Extracting
wavefunctions
Waves
Entropy
Wavefunctions
Examples
Use in experiment

Summary and
outlook

Outlook

Floquet Experiment

vs

vs

vs

Wannier
functions

Single
electron

decoherence
PRL 113

Manybody
decoherence

D = 1

D < 1

D = 1

D < 19

0

5

10

-3 0 3 6
(t� ⌧̄)/⌧e

!
⌧ e

⌧s = 0

0

5

10

-3 0 3 6
(t� ⌧̄)/⌧e

!
⌧ e

⌧s = 28ps

0

5

10

-3 0 3 6
(t� ⌧̄)/⌧e

!
⌧ e

⌧s = 70ps

0.0
0.5
1.0
1.5

FIG. 5. Destruction of the elementary quasiparticle. Wigner representation �W (t,!) of the single electron coherence
for di↵erent propagation lengths ⌧s = 0, 18 and 60 ps towards the beam-splitter. The vertical axis is the energy axis ! in units
of 1/⌧e. The horizontal axis is the time axis t in units of ⌧e. The time axis is shifted by time ⌧̄ = l/v⇢ to account for the
propagation time on length l. For ⌧s = 0 �W (t,!) represents the state emitted in the outer edge channel (blue line) described
by eq. (4), with !e = 0.7 K and ⌧e = 60 ps. For ⌧s = 28 and 70 ps, short range Coulomb interactions between the outer and
inner (green line) edge channels are taken into account. The electronic temperature is set to Te = 0 K.
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�G(e)

Interferometric measurements (MZI & HOM)

Single particle physics & electronic decoherence

�G(2e) Interferometric measurements (Franson & Samuelsson-Büttiker ?)
Two particle physics: entanglement, interaction induced quantum correlations etc

C. Cabart (PhD thesis)
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l

Short range interaction

l

Long range interaction

l

Closed inner channel (a)

l

L

Closed inner channel (b)

FIG. 5: Schematic view of the main types of interaction dis-
cussed at ⌫ = 2. Short range interaction corresponds to a
capacitive coupling between charge density at the same posi-
tion in the two channels, and no coupling between di↵erent
positions. Long range interaction describes a situation where
the system behaves as one big capacitor. We are also inter-
ested in situations where the inner channel is closed on itself
and interacts with the outer channel either along its whole
length (a), or only on a small portion of the closed loop (b).
In either of these cases, interactions can be short range or
long range.

charge density in channel i at position x and energy !

⇢i(x,!) is coupled to the local electrostatic potential U
through distributed capacitances: ⇢i(x,!) = CijUj(x,!).
This situation, schematically depicted on Fig. 5, is
known to give a good description of interactions in our
system at small energies, a fact that has been directly
probed in18 and indirectly confirmed in? . Within the in-
teraction region, edge-magnetoplasmon eigenmodes delo-
calized over the two channels propagate at di↵erent veloc-
ities. This leads to the following edge-magnetoplasmon
scattering matrix17:

S(!) =

✓
p+ei!⌧+ + p�ei!⌧� q

�
ei!⌧� � ei!⌧+

�

q
�
ei!⌧� � ei!⌧+

�
p+ei!⌧� + p�ei!⌧+

◆
(13)

where

p± =
1± cos(✓)

2
, q =

sin(✓)

2
(14a)

⌧+ =
l

v+
, ⌧� =

l

v�
. (14b)

In these equations, ✓ corresponds to the coupling
strength, v+ to the velocity of the slowest mode and v�
to the one of the fastest mode. In the strong coupling
regime, ✓ = ⇡

2 , and the corresponding modes are a fast
charge mode, symmetric over the two channels, and a
slow neutral mode which is antisymmetric.

b. Co-propagating channels with long range interac-
tion The second model for interacting co-propagating
channel assume that local potentials u are uniform on the
whole length of the interaction region. The system then
behaves just as one big capacitor (see Fig. 5) and can be
discussed in the spirit of the discrete element circuit mod-
els introduced by Büttiker20 for quantum conductor and

then generalized for quantum Hall edge channels21. This
approach leads to the following edge-magnetoplasmon
scattering matrix1:

S(!) =

✓
p+T+(!) + p�T�(!) q (T�(!)� T+(!))
q (T�(!)� T+(!)) p+T�(!) + p�T+(!)

◆

(15)
where p± and q are given by (14) and other parameters
are given in terms of the dimensionless parameter x =
!l/vF by

T±(!) =
eix � 1 + i↵±xeix

eix � 1 + i↵±x
(16)

where ↵± are linked to the eigenvalues of the capacitance
matrix C± by ↵± = RKC±vF /l.

4. The ⌫ = 2 case with a loop

Fig. 5 (a) also depicts a di↵erent situation that can
arise with two copropagating edge channels, where the
inner one is closed on itself over the length l where inter-
action takes place. This imposes a periodicity condition
on the field for channel 2 :

�2(l,!) = �2(0,!) (17)

This allows us to express directly the transmission coef-
ficient for channel 1 as

t(!) =
S11(!)� det(S(!))

1� S22(!)
(18)

for any interaction type described in the open channel
case by the scattering matrix S. For the specific case of
short-range interaction between channels, this yields

t(!) = �ei!(⌧++⌧�)

✓
1� p+e�i!⌧+ � p�e�i!⌧�

1� p+ei!⌧+ � p�ei!⌧�

◆
(19)

As expected, this transmission coe�cient has a modulus
of 1, which emphasizes the fact that no energy loss is
possible from one channel to another in this situation.
Yet, as we’ll see in a later part of this text, this is far
from meaning that no decoherence will happen in that
case. Indeed, the presence of the closed channel lead to
strong non-linearity in the phase of t(!) which, as was
discussed in the ⌫ = 1 case, can lead to some e↵ective
decoherence for single-electronic quantities.
The other type of interaction with a channel closed on

itself, depicted on Fig. 5 (b) appears when the length
over which interaction takes place is not the full length
of the closed loop, but rather only a part of that loop.
This is a more experimentally relevant situation [CITE].
In that second case, the periodicity condition on the field
for the inner channel is slightly changed

�2(0,!) = �2(l,!)e
i!⌧L (20)

Decoherence control

Signal processing of electronic coherence

Potential applications : quantum sensing of electric and magnetic fields at the submicron scale.
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Two-electron coherence

2e-coherence:

• Encodes two-electron wave-functions 

• Symmetries in 4D space: quantum statistics

Questions:

• Intrinsic contribution of the source to two-electron coherence? 
• How to access the intrinsic two-electron coherence emitted by a source?

M. Moskalets, Phys. Rev. B. 89, 045402 (2012)

Two electron coherenceDPP-fermions Lille 2018

G(2e)
⇢ (1, 2|10, 20) = Tr

�
 (2) (1)⇢ †(10) †(20)

�

G(2e)(1, 2|10, 20) =
X

{k,l}

'k,l(1, 2)'
⇤
k,l(1

0, 20)

where 'k,l(x, y) = 'k(x)'l(y)� 'k(y)'l(x)

NY

k=1

 †['k] |; i h'k|'li = �k,lwith
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Intrinsic two electron coherence

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

Two electron coherenceDPP-fermions Lille 2018

3. Cohérence à deux électrons, la statistique fermionique à l’œuvre.
3.2. Excès de cohérence à deux électrons émis par une source.
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Fig. 3.3 – Représentation diagrammatique de la cohérence à deux électrons. Un opérateur Â
est représenté par un trait plein orienté de l’émission vers la détection, alors qu’un opérateur Â†

est représenté par un trait pointillé orienté en sens inverse. Plusieurs processus contribuent à la
détection de deux électrons, dont les contributions sont représentées. La représentation schéma-
tique envisagée ici n’est valable qu’en l’absence d’interactions.
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Accessing two electron coherence

Current noise measurement

Direct noise measurement:

�Si(t, t
0) = Si(t, t

0)on � Si(t, t
0)o↵

Review
Article

Ann. Phys. (Berlin) 526, No. 1–2 (2014)
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Figure 8 Different terms of the noise spectrum S(ω) of a single
particle emitter. The blue dashed line represents the Fermi sea con-
tribution responsible for the high frequency cut-off, −SF defined
from Eq. (24), while the red trace is the noise spectrum neglecting
the Fermi sea contribution. The black trace is the total noise spec-
trum obtained from the substraction of the blue dashed line to the
red trace.

electron followed by one hole in a period T0, that is one
charge in time T0/2. The factor 2e2 f in Eq. (27) needs to
be replaced by 4e2 f in our case. A typical trace for the
noise spectrum is plotted on Fig. 8. The noise vanishes at
low frequency and grows on a scale given by the average
escape time, ω ∼ 1/τe. To reveal single particle emission,
current correlations need to be measured on a time scale
shorter than the average escape time, that is, through
high frequency noise measurements (typically at GHz
frequencies) [69]. As exactly a single particle is emitted
at each cycle of the source, the fluctuations cannot be at-
tributed to fluctuations in the emitted charge but rather
to fluctuations in the emission time. Due to the tunnel-
ing emission process, there is a random jitter between
the emission trigger and the emission time. Following
Eq. (27), the noise goes to a white noise limit at high
frequency ωτe ≫ 1 where correlations are dominated by
the first term proportional to δ(t − t′) [56,70]. However at
these high frequencies, correlations with the Fermi sea,
Eq. (24) cannot be neglected and are responsible for a
high frequency cutoff of the noise when ω ≥ $/(2!) (cor-
relations with the Fermi sea are plotted on blue dashed
line on Fig. 8. Indeed this cutoff can be interpreted as the
impossibility for a particle of energy $/2 above the Fermi
sea to emit a photon of energy greater than !ω = $/2 due
to Pauli blocking by the Fermi sea. A good choice of the
measurement frequency thus lies between these two lim-
its: 1

τe
≈ ω ≪ $/! which naturally sets the GHz as the ap-

propriate range.

Figure 9 Measurements of the high frequency noise S(ω =
2π f ), red dots, as a function of the emission time τe. The red
trace corresponds to the expected dependence, Eq. (28). Dashed
lines correspond to the asymptotic limits of perfect emitter (blue
dashed line) and shot noise (black dashed line). The black points
correspond to the measurements of the emission probability.

4.3 High frequency noise measurements

In the noise measurement, the output ohmic contact on
Fig. 3 is used both for the determination of the average
current and the high frequency noise (for further exper-
imental details, see ref. [71]). The typical order of mag-
nitude for the noise is given by e2 f ≈ 4.10−29 A2.Hz−1 for
a drive frequency f ≈ 1.5 GHz. We implemented a high
frequency noise measurement with a 600 MHz band-
width centered on the drive frequency and a noise sen-
sitivity of a few 10−30 A2.Hz−1 in a few hours measure-
ment time. The noise was calibrated by measuring the
equilibrium noise of a 50 Ohms resistor as a function of
the temperature. In such noise measurements, it is very
hard to change the measurement frequency as it would
be required in order to check Eq. (27). However, the de-
pendence in the measurement frequency goes like ωτe

which allows to work at fixed frequency, chosen as ω =
2π f (where f is the frequency of the excitation drive) but
variable average escape time to check the frequency de-
pendence. Measurements of the noise [54, 67] as a func-
tion of the escape time are plotted on Fig. 9. For short
escape times, the noise exactly follows the expected de-
pendence (blue trace). However, when the escape time
becomes comparable with the half period, the noise de-
viates from the limit of the perfect emitter. This can be
understood, as in this limit of long escape times, elec-
trons do not have enough time to escape the dot and

C⃝ 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 13www.ann-phys.org

Noise spectrum of the mesoscopic capacitor

�S(!) =

Z
�Si(t+ ⌧/2, t� ⌧/2)

t
ei!⌧ d⌧Noise spectrum:

A. Mahé et al, Phys. Rev. B 82, 201309 (2010) 
F. Parmentier et al, Phys. Rev. B 85, 165438 (2012)

S
i(t)

Two electron coherence and current noise

Si(t, t
0) = hi(t) i(t0)i � hi(t)ihi(t0)i

DPP-fermions Lille 2018

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

Current noise from electronic coherences
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0) = �ehi(t)iS�(t� t0) + (evF )

2
⇣
�G(2e)

S (t, t0|t, t0)��G(e)
S (t|t)�G(e)

S (t0|t0)
⌘

� (evF )
2
⇣
G(e)
F (t|t0)�G(e)

S (t|t0) + G(e)
F (t0|t)�G(e)

S (t0|t)
⌘



ENS Ly
o

n

Generalized Franson interferometer

RAPID COMMUNICATIONS

TWO-ELECTRON COHERENCE AND ITS MEASUREMENT IN . . . PHYSICAL REVIEW B 93, 081302(R) (2016)

contact (QPC). As expected from quantum optics, !Sout
12 (t,t ′)

defined as the excess of current correlation

Sout
12 (t,t ′) =

〈
iout
1 (t)iout

2 (t ′)
〉
−

〈
iout
1 (t)

〉〈
iout
2 (t ′)

〉
(9)

is related to the diagonal part of !G(2e)
S by

!Sout
12 (t,t ′) = (evF )2RT !G(2e)

S (t,t ′|t,t ′) − ⟨i1(t)⟩⟨i2(t ′)⟩
(10)

thus showing that correlation measurements in the HBT setup
give direct access to the diagonal part of !G(2e)

S .
Let us now focus on the off-diagonal part of two-electron

coherence emitted by the source. First of all, for a train
of electronic wave packets, Eq. (6) shows that the only
off-diagonal contributions to !G(2e)

S arise from terms of
the form ϕi(t1)ϕj (t2)ϕi(t ′1)ϕj (t ′2) where i ̸= j and from their
image under exchange operations (t1,t2; t ′1,t

′
2) &→ (t2,t1; t ′1,t

′
2)

or (t1,t2; t ′1,t
′
2) &→ (t2,t1; t ′2,t

′
1). Since the antisymmetry

!G(2e)
S (t1,t2|t ′1,t ′2) = −!G(2e)

S (t2,t1|t ′1,t ′2)

= −!G(2e)
S (t1,t2|t ′2,t ′1)

(11)

is purely kinematical, the physical two-electron coherence
time corresponds to the decay of ϕi(t1)ϕi(t ′1)ϕj (t2)ϕj (t ′2) as
a function of τ1 = t1 − t ′1 and τ2 = t2 − t ′2 and not from their
images under the above exchange operations. Therefore, in
this particular situation, the two-electron coherence time is
related to the durations of the wave packets that govern the
single-electron coherence time scale.

On the other hand, quantum superposition of two
time-shifted Slater determinants introduces a new time
scale for two-electron coherence. The two-electron state
(ψ†[ϕa]ψ†[ϕb]|F ⟩ + ψ†[ϕc]ψ†[ϕd ]|F ⟩)/

√
2 with mutually

orthogonal wave packets leads to

!G(2e)(t1,t2|t ′1,t ′2) = 1
2

∑

pairs
{ij},{kl}

%ij (t1,t2)%∗
kl(t

′
1,t

′
2). (12)

Terms involving identical pairs correspond to Eq. (6) and their
contributions are located close to the diagonal. Assuming that
ϕc,d are the time shifted by !Ttb of ϕa,b, terms with {i,j} ̸=
{k,l} contribute to off-diagonal two-electron coherences, now
extending over !Ttb. These coherences are a signature of the
time-bin entanglement [46,47] of the quantum superposition
of ψ†[ϕa]ψ†[ϕb]|F ⟩ and ψ†[ϕc]ψ†[ϕd ]|F ⟩.

To be captured, quantum correlations contained in the
off-diagonal parts (t1 ̸= t ′1 and t2 ̸= t ′2) must be converted into

measurable quantities. As discussed by Haack et al. [39],
an ideal Mach-Zehnder interferometer (MZI) converts off-
diagonal coherence in the time domain into an average
current, i.e., diagonal coherence. This idea naturally leads to
a Franson interferometerlike setup [37] depicted in Fig. 3,
in which MZI are added in each outgoing arm of a beam
splitter. Such a setup was introduced in electron quantum
optics to evidence two-particle Aharonov-Bohm effect and
entanglement generation [48]. Here, we use it differently,
namely, as a measurement device, as originally proposed in
photon quantum optics [37,46,47].

The current correlation between the two outgoing arms
Lout and Rout picks up a magnetic flux dependence through
the Aharonov-Bohm magnetic phases %L,R . The contributions
depending on both magnetic fluxes, called twice Aharonov-
Bohm terms, involve delocalization on both MZI and are the
only ones involving off-diagonal two-electron coherences in
the time domain. They give access to the intrinsic two-electron
coherence of the source since

⟨iL(t1)iR(t2)⟩2AB

= (evF )2κ
(
!G(2e)

S (t1 − δtL,t2 − δtR|t1,t2) ei(%L+%R )

+!G(2e)
S (t1,t2|t1 − δtL,t2 − δtR) e−i(%L+%R )

+!G(2e)
S (t1 − δtL,t2|t1,t2 − δtR) ei(%L−%R )

+!G(2e)
S (t1,t2 − δtR|t1 − δtL,t2) e−i(%L−%R )), (13)

where δtL,R are the time delays within the two MZI and
κ = R0T0R1T1R2T2 denotes the product of all the reflection
and transmission probabilities of the beam splitters. Each
contribution to the right-hand side of Eq. (13) can be isolated
by a Fourier transform of current correlation with respect
to %L,R . Low-frequency correlations thus gives access to
the real and imaginary parts of the integral over (t1,t2) of
!G(2e)

S (t1 − δtR,t2 − δtL|t1,t2).
Figures 4(a) and 4(b) present these quantities as functions

of δtL and δtR when (S) emits a pair of Landau excitations
separated by !t = 3τe. Both plots show a central peak at
δtL = δtR ≃ 0 and satellite peaks at δtL ≃ −δtR ≃ ± 3τe.
The central peak arises from single-electron interferences
which are visible as soon as δtL and δtR are shorter than
the single-electron coherence time. The satellite peaks are
due to nonlocal two-electron interferences between the two
time-shifted electrons of the pair. Their symmetry comes from
the generic antisymmetry of two-electron coherence, Eq. (11).
They spread along the line δtL = −δtR over the total duration
of the train corresponding to a classical correlation time and,

FIG. 3. Franson interferometer setup used to access two-particle coherence in the time domain. The left (L) and right (R) MZI are pierced
by magnetic fluxes %L,R and have time delays δtL,R . An electron source is connected to the channel 1s, whereas channels 2s, L′in and R′in are
grounded. The quantity of interest is the current correlation ⟨iLout(t)iRout(t ′)⟩.
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B-detector 
Signal: outgoing currents

Accessing two electron coherence

iA iB

Current correlations after the detectors: hiA iBi =
⇣
L(1)
A ⌦ L(2)
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⌘ h
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outBS0
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i

Two particle interferences at the beam splitter: �G(2e)
outBS0

(1 t1; 2 t2|1 t01; 2 t02) = RT �G(2e)
S (t1, t2|t01, t02)
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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
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contact (QPC). As expected from quantum optics, !Sout
12 (t,t ′)

defined as the excess of current correlation

Sout
12 (t,t ′) =

〈
iout
1 (t)iout

2 (t ′)
〉
−

〈
iout
1 (t)

〉〈
iout
2 (t ′)

〉
(9)

is related to the diagonal part of !G(2e)
S by

!Sout
12 (t,t ′) = (evF )2RT !G(2e)

S (t,t ′|t,t ′) − ⟨i1(t)⟩⟨i2(t ′)⟩
(10)

thus showing that correlation measurements in the HBT setup
give direct access to the diagonal part of !G(2e)

S .
Let us now focus on the off-diagonal part of two-electron

coherence emitted by the source. First of all, for a train
of electronic wave packets, Eq. (6) shows that the only
off-diagonal contributions to !G(2e)

S arise from terms of
the form ϕi(t1)ϕj (t2)ϕi(t ′1)ϕj (t ′2) where i ̸= j and from their
image under exchange operations (t1,t2; t ′1,t

′
2) &→ (t2,t1; t ′1,t

′
2)

or (t1,t2; t ′1,t
′
2) &→ (t2,t1; t ′2,t

′
1). Since the antisymmetry

!G(2e)
S (t1,t2|t ′1,t ′2) = −!G(2e)

S (t2,t1|t ′1,t ′2)

= −!G(2e)
S (t1,t2|t ′2,t ′1)

(11)

is purely kinematical, the physical two-electron coherence
time corresponds to the decay of ϕi(t1)ϕi(t ′1)ϕj (t2)ϕj (t ′2) as
a function of τ1 = t1 − t ′1 and τ2 = t2 − t ′2 and not from their
images under the above exchange operations. Therefore, in
this particular situation, the two-electron coherence time is
related to the durations of the wave packets that govern the
single-electron coherence time scale.

On the other hand, quantum superposition of two
time-shifted Slater determinants introduces a new time
scale for two-electron coherence. The two-electron state
(ψ†[ϕa]ψ†[ϕb]|F ⟩ + ψ†[ϕc]ψ†[ϕd ]|F ⟩)/

√
2 with mutually

orthogonal wave packets leads to

!G(2e)(t1,t2|t ′1,t ′2) = 1
2

∑

pairs
{ij},{kl}

%ij (t1,t2)%∗
kl(t

′
1,t

′
2). (12)

Terms involving identical pairs correspond to Eq. (6) and their
contributions are located close to the diagonal. Assuming that
ϕc,d are the time shifted by !Ttb of ϕa,b, terms with {i,j} ̸=
{k,l} contribute to off-diagonal two-electron coherences, now
extending over !Ttb. These coherences are a signature of the
time-bin entanglement [46,47] of the quantum superposition
of ψ†[ϕa]ψ†[ϕb]|F ⟩ and ψ†[ϕc]ψ†[ϕd ]|F ⟩.

To be captured, quantum correlations contained in the
off-diagonal parts (t1 ̸= t ′1 and t2 ̸= t ′2) must be converted into

measurable quantities. As discussed by Haack et al. [39],
an ideal Mach-Zehnder interferometer (MZI) converts off-
diagonal coherence in the time domain into an average
current, i.e., diagonal coherence. This idea naturally leads to
a Franson interferometerlike setup [37] depicted in Fig. 3,
in which MZI are added in each outgoing arm of a beam
splitter. Such a setup was introduced in electron quantum
optics to evidence two-particle Aharonov-Bohm effect and
entanglement generation [48]. Here, we use it differently,
namely, as a measurement device, as originally proposed in
photon quantum optics [37,46,47].

The current correlation between the two outgoing arms
Lout and Rout picks up a magnetic flux dependence through
the Aharonov-Bohm magnetic phases %L,R . The contributions
depending on both magnetic fluxes, called twice Aharonov-
Bohm terms, involve delocalization on both MZI and are the
only ones involving off-diagonal two-electron coherences in
the time domain. They give access to the intrinsic two-electron
coherence of the source since

⟨iL(t1)iR(t2)⟩2AB

= (evF )2κ
(
!G(2e)

S (t1 − δtL,t2 − δtR|t1,t2) ei(%L+%R )

+!G(2e)
S (t1,t2|t1 − δtL,t2 − δtR) e−i(%L+%R )

+!G(2e)
S (t1 − δtL,t2|t1,t2 − δtR) ei(%L−%R )

+!G(2e)
S (t1,t2 − δtR|t1 − δtL,t2) e−i(%L−%R )), (13)

where δtL,R are the time delays within the two MZI and
κ = R0T0R1T1R2T2 denotes the product of all the reflection
and transmission probabilities of the beam splitters. Each
contribution to the right-hand side of Eq. (13) can be isolated
by a Fourier transform of current correlation with respect
to %L,R . Low-frequency correlations thus gives access to
the real and imaginary parts of the integral over (t1,t2) of
!G(2e)

S (t1 − δtR,t2 − δtL|t1,t2).
Figures 4(a) and 4(b) present these quantities as functions

of δtL and δtR when (S) emits a pair of Landau excitations
separated by !t = 3τe. Both plots show a central peak at
δtL = δtR ≃ 0 and satellite peaks at δtL ≃ −δtR ≃ ± 3τe.
The central peak arises from single-electron interferences
which are visible as soon as δtL and δtR are shorter than
the single-electron coherence time. The satellite peaks are
due to nonlocal two-electron interferences between the two
time-shifted electrons of the pair. Their symmetry comes from
the generic antisymmetry of two-electron coherence, Eq. (11).
They spread along the line δtL = −δtR over the total duration
of the train corresponding to a classical correlation time and,

FIG. 3. Franson interferometer setup used to access two-particle coherence in the time domain. The left (L) and right (R) MZI are pierced
by magnetic fluxes %L,R and have time delays δtL,R . An electron source is connected to the channel 1s, whereas channels 2s, L′in and R′in are
grounded. The quantity of interest is the current correlation ⟨iLout(t)iRout(t ′)⟩.
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The original Franson interferometer

A-detector 
Signal: outgoing currents 
Parameters: time of flights, AB flux

B-detector 
Signal: outgoing currents 
Parameters: time of flights, AB flux

4. Faire interférer pour mesurer et contrôler les cohérences.
4.4. Interférométrie non-locale à deux électrons.

deux MZI. Quatre termes y contribuent, et les deux phases Aharonov–Bohm sont impliquées,

�G
(2e)
out,2AB(1 t1, 2 t2|1 tÕ

1, 2 tÕ
2) = R0 T0 R1 T1 R2 T2 ei(„1+„2) �G

(2e)
1s (t1 ≠ �·1, t2 ≠ �·2|tÕ

1, tÕ
2)

(4.72a)

+ R0 T0 R1 T1 R2 T2 e≠i(„1+„2) �G
(2e)
1s (t1, t2|tÕ

1 ≠ �·1, tÕ
2 ≠ �·2) (4.72b)

+ R0 T0 R1 T1 R2 T2 ei(„1≠„2) �G
(2e)
1s (t1 ≠ �·1, t2|tÕ

1, tÕ
2 ≠ �·2) (4.72c)

+ R0 T0 R1 T1 R2 T2 ei(≠„1+„2) �G
(2e)
1s (t1, t2 ≠ �·2|tÕ

1 ≠ �·1, tÕ
2) (4.72d)

(a) Terme (4.70c) de propagation classique.

t2

tÕ
2t1

tÕ
1

(b) Terme (4.71a) délocalisé une fois.

t2

tÕ
2t1

tÕ
1

(c) Terme (4.71e) délocalisé une fois.

t2

tÕ
2t1

tÕ
1

(d) Terme (4.72c) délocalisé deux fois.

t1

t2

tÕ
2

tÕ
1

Fig. 4.15 – Exemples de propagation des cohérences dans un interféromètre de Franson
électronique. Quatre termes de propagation sont illustrés, un par nombre de délocalisation.
Comme tout au long du manuscrit, un opérateur annihilation est représenté par une ligne pleine
orientée de la source vers la détection alors qu’un opérateur destruction est représenté par une
ligne pointillée orientée en sens inverse. Les couleurs reprennent leur signification habituelle : les
lignes bleues décrivent la détection associée aux temps (t1, tÕ

1) et les lignes rouges celle associée
aux temps (t2, tÕ

2).

Extraction de l’excès de cohérence hors-diagonal des mesures de bruit

Première version :
L’excès de cohérence à deux électrons en sortie, déduit des mesures de bruit et de courant

supposées ici résolues en temps, contient donc ces seize contributions. À la lecture de ces ex-
pressions, il apparaît cependant que seuls les termes 2AB de l’équation (4.72) contiennent une
information sur la cohérence du secteur 1s pour un quadruplet de temps di�érents. Par consé-
quent, il est nécessaire d’isoler leur contribution de celle des termes moins intéressants. Leur
dépendance en les deux phases Aharonov–Bohm permet cela : en réalisant les mesures pour une
configuration de la source et des di�érences de temps de vol données mais en faisant varier les
champs magnétiques et donc les phases Aharonov–Bohm au niveau de chaque interféromètre, une
double transformée de Fourier par rapport aux champs magnétiques permet d’isoler ces contri-
butions. En e�et, par définition, ce sont les seules à dépendre des deux phases Aharonov–Bohm.
Remarquons pour finir que ce sont ces termes 2AB qui encodent la possibilité d’interférences
à deux électrons non-localisées. Ce phénomène est donc bien au cœur du protocole de mesure
envisagé.

En résumé, le protocole proposé est le suivant :
Û à géométrie fixée, mesurer le bruit de sortie pour di�érentes valeurs des flux magnétiques

traversant les interféromètres ;
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The Franson signal: current correlations between left/right detectors with both flux sensitivities
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�tL �tR

�L �R

tL tR

⇠ (evF )
2e�i(�L+�R)�G(2e)

S (tL, tR|tL � �tL, tR � �tR)
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Franson signals

An electron pair

Franson interferometry current noise signals

4. Faire interférer pour mesurer et contrôler les cohérences.
4.4. Interférométrie non-locale à deux électrons.
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(a) Paire simple ou mélange, partie réelle.
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(b) Paire simple ou mélange, partie imaginaire.

(c) Train de cinq levitons, partie réelle. (d) Train de cinq levitons, partie imaginaire.

(e) Paire intriquée, partie réelle. (f) Paire intriquée, partie imaginaire.

Fig. 4.17 – Fraction de bruit mesurée en sortie d’un interféromètre de type Franson. La
fraction de bruit basse fréquence S2AB en unité de (e vF )2 telle qu’elle est accessible en sortie
d’un interféromètre de Franson est représentée en fonction des di�érences de temps de vol �·1
et �·2. Trois exemples sont analysés. Tous les exemples sont formés à partir de levitons mono-
électroniques, décalés de �t = 10 ·e, dont l’expression du paquet d’ondes est donnée équa-
tion (2.68), page 51. Figures (a) et (b) : mélange statistique de paires décalées, l’écart entre les
paires mélangées ne joue aucun rôle en raison de l’intégration temporelle. Le signal est donc le
même que pour une simple paire. Figures (c) et (d) : train de cinq levitons. Figures (e) et (f) :
paire intriquée en fenêtre de temps, au sens de l’équation (4.78), page 153, l’intervalle entre les
deux fenêtres de temps valant �Tint = 30 ·e.
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4. Faire interférer pour mesurer et contrôler les cohérences.
4.4. Interférométrie non-locale à deux électrons.

(a) Paire simple ou mélange, partie réelle. (b) Paire simple ou mélange, partie imaginaire.

(c) Train de cinq levitons, partie réelle. (d) Train de cinq levitons, partie imaginaire.
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(e) Paire intriquée, partie réelle.
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(f) Paire intriquée, partie imaginaire.

Fig. 4.17 – Fraction de bruit mesurée en sortie d’un interféromètre de type Franson. La
fraction de bruit basse fréquence S2AB en unité de (e vF )2 telle qu’elle est accessible en sortie
d’un interféromètre de Franson est représentée en fonction des di�érences de temps de vol �·1
et �·2. Trois exemples sont analysés. Tous les exemples sont formés à partir de levitons mono-
électroniques, décalés de �t = 10 ·e, dont l’expression du paquet d’ondes est donnée équa-
tion (2.68), page 51. Figures (a) et (b) : mélange statistique de paires décalées, l’écart entre les
paires mélangées ne joue aucun rôle en raison de l’intégration temporelle. Le signal est donc le
même que pour une simple paire. Figures (c) et (d) : train de cinq levitons. Figures (e) et (f) :
paire intriquée en fenêtre de temps, au sens de l’équation (4.78), page 153, l’intervalle entre les
deux fenêtres de temps valant �Tint = 30 ·e.
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A time-bin entangled electron pair
Two Levitons separated by 10x their width Quantum superposition of two pairs separated by 30x their width

E. Thibierge et al, Phys. Rev. B. 93, 081302(R) (2016)
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Completion of the take home message #2 

Conclusion

Electron quantum optics as quantum signal processing

Hong Ou Mandel interferometry

Mach-Zehnder interferometry MZI hi(out)dc i

�G(e)
1

�G(e)
2

HOM S(out)
i (! = 0)

linear filtering

overlap

�G(e)

Franson interferometry Fr.I�G(2e)
�S(out)

12 linear filtering

E. Thibierge et al, Phys. Rev. B 93, 081302 (2016) 
B. Roussel et al, Physica Status Solidi B 254, 1600621 (2017) 
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Perspectives
From electronic coherences to quantum information 
quantities: quantitative criteria for 2e entanglement ?

Coulomb interaction effects on two-electron coherence


