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Recent breakthroughs in electron quantum 
optics have enabled unprecedented 
control on the generation of quantum 
electrical currents based on  single to few 
e l e c t r o n e x c i t a t i o n s [ 1 , 2 ] . T h e s e 
advancements pave the way for high 
precision applications, ranging from time 
resolved sensing of electromagnetic fields 
[2,3] to the  manipulation of electronic flying 
qubits [4]. However, fully realizing this 
potential requires advanced tools capable 
of characterizing electronic excitations and 
detecting electronic entanglement in 
quantum coherent conductors. 
 
While single electron tomography via two 
particle Hong-Ou-Mandel interferometry 
has been demonstrated [5], it remains 
limited by prohibitive measurement times 
and a lack of scalability for accessing two-
electron coherence.  
 
In th is ta lk , we int roduce a novel 
tomography technique based on photo-
assisted filtering. This approach enables 
single electron coherence characterization 
via average dc-current measurements and 
two electron coherence access through 
low frequency current correlations [6]. We 
further discuss the potential of this 
technique for implementing entanglement 
witnesses adapted from quantum optics [7] 
to rigorously test electronic entanglement in 
ballistic quantum conductors. 
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Figures 

Figure 1:. Upper part: Photo-assisted filtering as 
a pipeline between low amplitude ac drive 
and filtering by a quantum dot. Lower part: two 
electron coherence measurement in a 
generalized Franson geometry. 
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FIG. 1. Scheme of a photo-asssisted filter used to probe
the output of a source S. A small sinusoidal classical drive is
applied in ωB and the quantum dot QDω0

filters the electrons
at energy ⊋ϑ0. The average dc currrent is measured at the
output.
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FIG. 2. Photoassisted processes
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Motivations
↭ Using quantum optics tools to describe entanglement in electron quan-

tum optics circuits [*].

↭ Correlations associated to Fermi statistics and Coulomb interactions.

↭ Collisional experiments to extract information about two-particle exci-
tations.

Quantum information with fermions
Entanglement for indistinguishable excitations [!]:

↭ Based on mode separation: H
(1p) = HA

→
→ HB

↭ Separable states in Fock space F :

|ω↑sep = PA(a†
1, ... , a†

p)PB(b†
1 , ... , b†

q) |0↑

↭ Entangled states are the non-separable ones.

Physical state space and mode composition:

↭ Bosons: Hphys = FB . Alice and Bob modes composed by ↓, the tensor
product, i.e. FB = F

(Alice)
B ↓ F

(Bob)
B .

↭ Fermions: obey Fermi statistics so Alice and Bobmodes composed with
↔, the exterior product, i.e. FF = F

(Alice)
F ↔ F

(Bob)
F .

And they obey the parity superselection rule: Hphys ↗= FF but [&]:

Hphys = F
even
F ↘ F

odd
F

Resources inequalities:

[f ] ≃ [c] but ¬([f ] ≃ [q])
2[f ] ≃ [q] and [q] ≃ 2[f ]

Quantum teleportation of a fermionic mode:

[! ] + 2[c ⇐ c] + [f ]B ≃ [fE fA ⇐ fE fB]
[qq] + 2[c ⇐ c] ≃ [q ⇐ q] (Qubit)

Entanglement witness

Cauchy-Schwarz entanglement witness on two-electron coherence [’]:
∣∣∣G̃(2e)

AB (ε1, ε2 | ε↑
1, ε↑

2)
∣∣∣
2

⇒ G̃
(2e)
AB (ε1, ε2 | ε1, ε2) G̃

(2e)
AB (ε↑

1, ε↑
2 | ε↑

1, ε↑
2)

↭ Compares one o"-diagonal coherence with two diagonal coherences.

↭ Witness: (violated =⇑ entangled) but (respected ↗=⇑ separated).

↭ Clicks for non-Positive Partial Transposed (non-PPT) states:
ϑ is separable =⇑ all the eigenvalues of tAϑ and tB ϑ are positive.

↭ Sensitive to energy-bin entanglement (see Ref. [!] in microwave quan-
tum optics).

Collision induced entanglement

Coherent collision of two perfectly energy-localized electrons:

ωA

ωB

!!

ωA = ωB

ω!

!” = 0
↭ #D-space split into two $D-spaces:

• (εA, εB): diagonal coherence
⇓⇑ classical variables

• (!”,!!): o"-diagonal coher-
ence ⇓⇑ quantum variables.

↭ Diamond: area of non-zero coher-
ence (quantum scattering contri-
butions).

↭ To respect the witness, both C.S.
points must be in the diamond

Quantum coherent energy
transfer during collision =⇑

witness clicks

Next steps: departure from ideality

↭ discuss energy-spread electrons (Landau ["] or Leviton [#] excitations)

↭ E+ect of dissipative collisions (environmental e"ects)

Two-electron coherence measurement
A generalized Franson interferometer [(] gives access to the two-electron co-
herence”G

(2e) through current–current correlations:

⇔iAiB↑ = RT (FA ↓ FB)”G
(2e)
S , Fj = QDj ↖ ϖj

S

ϖA ϖB

QPC

QDBQDA

S1 S2

FA FB

S2

↭ Photoassisted ,lters ϖA,B mix energies ⇐ access to o"-diagonal com-
ponents of”G

(2e).

↭ Quantum dots QDA,B select energy ⇐ access to diagonal components.

↭ A combined ,lter/detector F = QD(εe) ↖ ϖ [(pn)n] de,nes

#[F ] =
∑

n+,n→

pn+p↓
n→ |εe ↙ 2ϱn+f ↑⇔εe ↙ 2ϱn↔f |,

so that Pclick = Tr
[
ϑ(1)#[F ]

]
contains both diagonal (via εe) and o+-

diagonal (via the pn ↗=0) frequency components.

↭ Photoassisted ,ltering enables full two-electron tomography.

References

[*] E. Bocquillon et al., Ann. Phys. (Berlin) $!%, * ($)*’).

[$] F. Benatti et el., Physics Reports &’&, *–$# ($)$)).

[&] N.T. Vidal et al., Phys. Rev. A ()*, )&$’** ($)$*).

[’] S. Wölk et al., Phys. Rev. A +), )$$&*! ($)*’).

[!] A. Peugeot et al., Phys. Rev. X ((, )&*))( ($)$*).

["] G. Feve et al., Science *(%, **"% ($))#).

[#] J. Dubois et al., Nature (London) $)!, "!% ($)*&).

[(] E. Thibierge et al., Phys. Rev. B +*, )(*&)$ ($)*").

This work has been funded by grant “ANR-$$-PETQ-))*$” (EQUBITFLY) from the France $)&) program as well as by the ANR grant "CPJ-SAN$&$&#".


