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An active research program

mobile 
electrons

quantum 
optics

Important differences:

- statistics (Fermions)

- superselection rules (particle-number conservation)

- electric charge (AB effect; decoherence)

translate successful optical technologies for 
quantum information into quantum electronics
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Some examples of optical-like electronic 
interferometers

1. e-Mach-Zehnder interferometer Ji et al., Nature (2003)

applications: decoherence, dephasing, anyonic
                        interferometry.

(realized)
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Some examples of optical-like electronic 
interferometers

1. e-Mach-Zehnder interferometer

2. e-Hanbury-Brown-Twiss interferometer

Ji et al., Nature (2003)

Neder et al., 
Nature (2007)  

applications: decoherence, dephasing, anyonic
                        interferometry.

applications:  e-antibunching,  two-e AB effect, 
                   e-h entanglement.

(realized)

(realized)
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Some examples of optical-like electronic 
interferometers

1. e-Mach-Zehnder interferometer

2. e-Hanbury-Brown-Twiss interferometer

3. e-Hong-Ou-Mandel interferometer

Ji et al., Nature (2003)

Neder et al., 
Nature (2007)  

Giovannetti, D. F., 
Taddei & Fazio, 

PRB (2006, 2007)

applications: decoherence, dephasing, anyonic
                        interferometry.

applications:  e-antibunching,  two-e AB effect, 
                   e-h entanglement.

applications: mode and occupancy entanglement, 
                  e-bunching/antibunching transition.

(realized)

(realized)

(proposed)
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Franson interferometer
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Franson’s Bell experiment with energy-time entanglement [Phys. Rev. Lett. 62, 2205 (1989)] does not

rule out all local hidden variable models. This defect can be exploited to compromise the security of Bell

inequality-based quantum cryptography. We introduce a novel Bell experiment using genuine energy-time

entanglement, based on a novel interferometer, which rules out all local hidden variable models. The

scheme is feasible with actual technology.

DOI: 10.1103/PhysRevLett.102.040401 PACS numbers: 03.65.Ud, 03.65.Ta, 03.67.Mn, 42.50.Xa

Two particles exhibit ‘‘energy-time entanglement’’
when they are emitted at the same time in an energy-
conserving process and the essential uncertainty in the
time of emission makes undistinguishable two alternative
paths that the particles can take. Franson [1] proposed an
experiment to demonstrate the violation of local realism
[2] using energy-time entanglement, based on a formal
violation of the Bell Clauser-Horne-Shimony-Holt
(CHSH) inequality [3]. However, Aerts et al. [4] showed
that, even in the ideal case of perfect preparation and
perfect detection efficiency, there is a local hidden variable
(LHV) model that simulates the results predicted by quan-
tum mechanics for the experiment proposed by Franson
[1]. This model proves that ‘‘the Franson experiment does
not and cannot violate local realism’’ and that ‘‘[t]he
reported violations of local realism from Franson experi-
ments [5] have to be reexamined’’ [4].

Despite this fundamental deficiency, and despite that this
defect can be exploited to create a Trojan horse attack in
Bell inequality-based quantum cryptography [6], Franson-
type experiments have been extensively used for Bell tests
and Bell inequality-based quantum cryptography [7], have
become standard in quantum optics [8,9], and an extended
belief is that ‘‘the results of experiments with the Franson
experiment violate Bell’s inequalities’’ [9]. This is particu-
larly surprising, given that recent research has emphasized
the fundamental role of a (loophole-free) violation of the
Bell inequalities in proving the device-independent secur-
ity of key distribution protocols [10], and in detecting
entanglement [11].

Polarization entanglement can be transformed into
energy-time entanglement [12]. However, to our knowl-
edge, there is no single experiment showing a violation
of the Bell-CHSH inequality using genuine energy-time
entanglement (or ‘‘time-bin entanglement’’ [13]) that can-
not be simulated by a LHV model. By ‘‘genuine’’ we mean
not obtained by transforming a previous form of en-
tanglement, but created because the essential uncertainty

in the time of emission makes two alternative paths
undistinguishable.
Because of the above reasons, a single experiment using

energy-time entanglement able to rule out all possible
LHV models is of particular interest. The aim of this
Letter is to describe such an experiment by means of a
novel interferometric scheme. The main purpose of the
new scheme is not to compete with existing interferometers
used for quantum communication in terms of practical
usability, but to fix a fundamental defect common to all
of them.
We will first describe the Franson Bell-CHSH experi-

ment. Then, we will introduce a LHV model reproducing
any conceivable violation of the Bell-CHSH inequality.
The model underlines why a Franson-type experiment
does not and cannot be used to violate local realism.
Then, we will introduce a new two-photon energy-time
Bell-CHSH experiment that avoids these problems and can
be used for a conclusive Bell test.
The Franson Bell-CHSH experiment.—The setup of a

Franson Bell-CHSH experiment is in Fig. 1. The source
emits two photons, photon 1 to the left and photon 2 to the
right. Each of them is fed into an unbalanced interferome-
ter.BSi are beam splitters andMi are perfect mirrors. There
are two distant observers, Alice on the left and Bob on the
right. Alice randomly chooses the phase of the phase
shifter !A between A0 and A1, and records the counts in
each of her detectors (labeled a ¼ þ1 and a ¼ #1), the

b =

b =

a =

a =
S

LL

S

A B

Source
1 2

M1M3 M2 M4

BS1BS3 BS4BS2

FIG. 1 (color online). Generic setup of the Franson Bell ex-
periment.

PRL 102, 040401 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

30 JANUARY 2009

0031-9007=09=102(4)=040401(4) 040401-1 ! 2009 The American Physical Society

Franson, PRL (1989)

To prove violation of local realism (via postselective time-bin entanglement/ 
no orbital entanglement possible).  

Widely used in optical Bell tests and Bell-inequality-based quantum 
cryptography.
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Two particles exhibit ‘‘energy-time entanglement’’
when they are emitted at the same time in an energy-
conserving process and the essential uncertainty in the
time of emission makes undistinguishable two alternative
paths that the particles can take. Franson [1] proposed an
experiment to demonstrate the violation of local realism
[2] using energy-time entanglement, based on a formal
violation of the Bell Clauser-Horne-Shimony-Holt
(CHSH) inequality [3]. However, Aerts et al. [4] showed
that, even in the ideal case of perfect preparation and
perfect detection efficiency, there is a local hidden variable
(LHV) model that simulates the results predicted by quan-
tum mechanics for the experiment proposed by Franson
[1]. This model proves that ‘‘the Franson experiment does
not and cannot violate local realism’’ and that ‘‘[t]he
reported violations of local realism from Franson experi-
ments [5] have to be reexamined’’ [4].

Despite this fundamental deficiency, and despite that this
defect can be exploited to create a Trojan horse attack in
Bell inequality-based quantum cryptography [6], Franson-
type experiments have been extensively used for Bell tests
and Bell inequality-based quantum cryptography [7], have
become standard in quantum optics [8,9], and an extended
belief is that ‘‘the results of experiments with the Franson
experiment violate Bell’s inequalities’’ [9]. This is particu-
larly surprising, given that recent research has emphasized
the fundamental role of a (loophole-free) violation of the
Bell inequalities in proving the device-independent secur-
ity of key distribution protocols [10], and in detecting
entanglement [11].

Polarization entanglement can be transformed into
energy-time entanglement [12]. However, to our knowl-
edge, there is no single experiment showing a violation
of the Bell-CHSH inequality using genuine energy-time
entanglement (or ‘‘time-bin entanglement’’ [13]) that can-
not be simulated by a LHV model. By ‘‘genuine’’ we mean
not obtained by transforming a previous form of en-
tanglement, but created because the essential uncertainty

in the time of emission makes two alternative paths
undistinguishable.
Because of the above reasons, a single experiment using

energy-time entanglement able to rule out all possible
LHV models is of particular interest. The aim of this
Letter is to describe such an experiment by means of a
novel interferometric scheme. The main purpose of the
new scheme is not to compete with existing interferometers
used for quantum communication in terms of practical
usability, but to fix a fundamental defect common to all
of them.
We will first describe the Franson Bell-CHSH experi-

ment. Then, we will introduce a LHV model reproducing
any conceivable violation of the Bell-CHSH inequality.
The model underlines why a Franson-type experiment
does not and cannot be used to violate local realism.
Then, we will introduce a new two-photon energy-time
Bell-CHSH experiment that avoids these problems and can
be used for a conclusive Bell test.
The Franson Bell-CHSH experiment.—The setup of a

Franson Bell-CHSH experiment is in Fig. 1. The source
emits two photons, photon 1 to the left and photon 2 to the
right. Each of them is fed into an unbalanced interferome-
ter.BSi are beam splitters andMi are perfect mirrors. There
are two distant observers, Alice on the left and Bob on the
right. Alice randomly chooses the phase of the phase
shifter !A between A0 and A1, and records the counts in
each of her detectors (labeled a ¼ þ1 and a ¼ #1), the

b =

b =

a =

a =
S

LL

S

A B

Source
1 2

M1M3 M2 M4

BS1BS3 BS4BS2

FIG. 1 (color online). Generic setup of the Franson Bell ex-
periment.
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Franson, PRL (1989)

However, there is a local hidden variable model that simulates 
its results !! [Aerts et al., PRL (1999)]

Widely used in optical Bell tests and Bell-inequality-based quantum 
cryptography.

To prove violation of local realism (via postselective time-bin entanglement/ 
no orbital entanglement possible).  
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local instructions in Table I, ðA0 ¼ÞSþ , ðA1 ¼ÞSþ ,
ðB0 ¼ÞS% , ðB1 ¼ÞLþ , then, if the setting of !A is A0

or A1, photon 1 will be detected by the detector a ¼ þ1 at
time t (corresponding to the path S), and if the setting of
!B is B0, photon 2 will be detected by b ¼ %1 at time t,
but if the setting of !B is B1, photon 2 will be detected by
b ¼ þ1 at time tþ !L

c (corresponding to the path L). If
each of the 32 sets of instructions in Table I occurs with
probability p=32, and each of the 32 sets of instructions in
Table II with probability ð1% pÞ=32, then it is easy to see
that, for any value of 0 & p & 1, the model gives 25% of
SL events, 25% of LS events, 50% of SS or LL events, and
satisfies (1a) and (1b). If p ¼ 0, the model gives "CHSH ¼
%4. If p ¼ 1, the model gives "CHSH ¼ 4. If 0< p< 1,
the model gives any value between %4< "CHSH < 4.
Specifically, a maximal quantum violation "CHSH ¼ 2

ffiffiffi
2

p
,

satisfying (2), is obtained when p ¼ ð2þ
ffiffiffi
2

p
Þ=4.

The reason why this LHV model is possible is that the
50% postselection procedure in Franson’s experiment al-
lows the subensemble of selected events to depend on the
phase settings. For instance, the first 8 sets of instructions
in Table I are rejected only when !B ¼ B1. The main aim
of this Letter is to introduce a similar experiment which
does not have this problem.

There is a previously proposed solution consisting on
replacing the beam splitters BS1 and BS2 in Fig. 1 by
switchers synchronized with the source [13]. However,
these active switchers are replaced in actual experiments
by passive beam splitters [7,13] that force a Franson-type
postselection with the same problem described above.

One way to avoid the problem is to make an extra
assumption, namely, that the decision of being detected
at time tD ¼ t or a time tD ¼ tþ !L

c is actually made at the
first beam splitter, before having information of the local
phase settings [4,15]. This assumption is similar to the fair
sampling assumption, namely, that the probability of re-
jection does not depend on the measurement settings. As
we have seen, there are local models that do not satisfy this
assumption. The experiment we propose does not require
this extra assumption.

Proposed energy-time entanglement Bell experiment.—
The setup of the new Bell experiment is illustrated in
Fig. 2. The source emits two photons, photon 1 to the left

and photon 2 to the right. The S path of photon 1 (photon 2)
ends on the detectors a on the left (b on the right). The
difference with Fig. 1 is that now the L path of photon 1
(photon 2) ends on the detectors b (a). In this setup, the two
photons end in different sides only when both are detected
in coincidence. If one photon takes S and the other photon
takes L, both will end on detectors of the same side. An
interferometer with this last property is described in [16].
The data that the observers must record are the same as

in Franson’s experiment. The setup must satisfy the fol-
lowing requirements: (I0) To have two-photon interference,
the emission of the two photons must be simultaneous, the
moment of emission unpredictable, and both arms of the
setup identical. The phase stabilization of the entire setup
of Fig. 2 is more difficult than in Franson’s experiment.
(II0) Single-photon interference is not possible in the setup
of Fig. 2. (III0) To temporally distinguish two photons
arriving at the same detector at times t and tþ !L0

c , where
!L0 ¼ 2½dðSource; BS2Þ þ dðBS2;M1Þ( (see Fig. 2), the
dead time of the detectors must be smaller than !L0

c . For
detectors with a dead time of 1 ns,!L0 > 30 cm. (IV0) The
probability of two two-photon events in !L0

c must be neg-
ligible. This naturally occurs when using standard non-
linear crystals pumped continuously. (V0) To prevent that
the local phase setting at one side can affect the outcome at
the other side, the local phase settings must randomly
switch (!A between A0 and A1, and !B between B0 and
B1) with a frequency of the order c=D0, where D0 ¼
dðSource;!AÞ ) !L0.
There is a trade-off between the phase stabilization of

the apparatus (which requires a short interferometer) and
the prevention of reciprocal influences between the two
local phase settings (which requires a long interferometer).
By considering a random phase modulation frequency of
300 kHz, an interferometer about 1 km long would be
needed. Current technology allows us to stabilize interfer-
ometers of up 4 km long (for instance, one of the interfer-
ometers of the LIGO experiment is 4 km long). With these
stable interferometers, the experiment would be feasible.
The predictions of quantum mechanics for the setup of

Fig. 2 are similar to those in Franson’s proposal: Eqs. (1a)
and (1b) hold, there is 25% of events in which both photons
are detected on the left at times t and tþ !L0

c , 25% of
events in which both photons are detected on the right, and
50% of coincident events for which (2) holds. The observ-

Source
1 2

S

L

L

S
A B

a =

b =

b =

a = BS1BS3

BS2 BS4

M3 M1

M2 M4

FIG. 2 (color online). The generic setup of the proposed
energy-time (and time-bin) Bell experiment.

TABLE II. 32 sets of instructions of the LHV model.

A0 A1 B0 B1 hA0B0i hA0B1i hA1B0i hA1B1i
Sþ Sþ S% L* %1 rejected %1 rejected
Lþ Lþ L% S* %1 rejected %1 rejected
Sþ S% L* S% rejected %1 rejected þ1
Lþ L% S* L% rejected %1 rejected þ1
S% L* Sþ Sþ %1 %1 rejected rejected
L% S* Lþ Lþ %1 %1 rejected rejected
L* S% Sþ S% rejected rejected %1 þ1
S* L% Lþ L% rejected rejected %1 þ1

PRL 102, 040401 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

30 JANUARY 2009

040401-3

very recently... 

theory:
Cabello et al., 
PRL (2009)

experiment:
Lima et al., 

PRB(R) (2010)

Overcomes all problems of Franson interferometer.

Allows for both, time-bin and orbital entanglement.
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local instructions in Table I, ðA0 ¼ÞSþ , ðA1 ¼ÞSþ ,
ðB0 ¼ÞS% , ðB1 ¼ÞLþ , then, if the setting of !A is A0

or A1, photon 1 will be detected by the detector a ¼ þ1 at
time t (corresponding to the path S), and if the setting of
!B is B0, photon 2 will be detected by b ¼ %1 at time t,
but if the setting of !B is B1, photon 2 will be detected by
b ¼ þ1 at time tþ !L

c (corresponding to the path L). If
each of the 32 sets of instructions in Table I occurs with
probability p=32, and each of the 32 sets of instructions in
Table II with probability ð1% pÞ=32, then it is easy to see
that, for any value of 0 & p & 1, the model gives 25% of
SL events, 25% of LS events, 50% of SS or LL events, and
satisfies (1a) and (1b). If p ¼ 0, the model gives "CHSH ¼
%4. If p ¼ 1, the model gives "CHSH ¼ 4. If 0< p< 1,
the model gives any value between %4< "CHSH < 4.
Specifically, a maximal quantum violation "CHSH ¼ 2

ffiffiffi
2

p
,

satisfying (2), is obtained when p ¼ ð2þ
ffiffiffi
2

p
Þ=4.

The reason why this LHV model is possible is that the
50% postselection procedure in Franson’s experiment al-
lows the subensemble of selected events to depend on the
phase settings. For instance, the first 8 sets of instructions
in Table I are rejected only when !B ¼ B1. The main aim
of this Letter is to introduce a similar experiment which
does not have this problem.

There is a previously proposed solution consisting on
replacing the beam splitters BS1 and BS2 in Fig. 1 by
switchers synchronized with the source [13]. However,
these active switchers are replaced in actual experiments
by passive beam splitters [7,13] that force a Franson-type
postselection with the same problem described above.

One way to avoid the problem is to make an extra
assumption, namely, that the decision of being detected
at time tD ¼ t or a time tD ¼ tþ !L

c is actually made at the
first beam splitter, before having information of the local
phase settings [4,15]. This assumption is similar to the fair
sampling assumption, namely, that the probability of re-
jection does not depend on the measurement settings. As
we have seen, there are local models that do not satisfy this
assumption. The experiment we propose does not require
this extra assumption.

Proposed energy-time entanglement Bell experiment.—
The setup of the new Bell experiment is illustrated in
Fig. 2. The source emits two photons, photon 1 to the left

and photon 2 to the right. The S path of photon 1 (photon 2)
ends on the detectors a on the left (b on the right). The
difference with Fig. 1 is that now the L path of photon 1
(photon 2) ends on the detectors b (a). In this setup, the two
photons end in different sides only when both are detected
in coincidence. If one photon takes S and the other photon
takes L, both will end on detectors of the same side. An
interferometer with this last property is described in [16].
The data that the observers must record are the same as

in Franson’s experiment. The setup must satisfy the fol-
lowing requirements: (I0) To have two-photon interference,
the emission of the two photons must be simultaneous, the
moment of emission unpredictable, and both arms of the
setup identical. The phase stabilization of the entire setup
of Fig. 2 is more difficult than in Franson’s experiment.
(II0) Single-photon interference is not possible in the setup
of Fig. 2. (III0) To temporally distinguish two photons
arriving at the same detector at times t and tþ !L0

c , where
!L0 ¼ 2½dðSource; BS2Þ þ dðBS2;M1Þ( (see Fig. 2), the
dead time of the detectors must be smaller than !L0

c . For
detectors with a dead time of 1 ns,!L0 > 30 cm. (IV0) The
probability of two two-photon events in !L0

c must be neg-
ligible. This naturally occurs when using standard non-
linear crystals pumped continuously. (V0) To prevent that
the local phase setting at one side can affect the outcome at
the other side, the local phase settings must randomly
switch (!A between A0 and A1, and !B between B0 and
B1) with a frequency of the order c=D0, where D0 ¼
dðSource;!AÞ ) !L0.
There is a trade-off between the phase stabilization of

the apparatus (which requires a short interferometer) and
the prevention of reciprocal influences between the two
local phase settings (which requires a long interferometer).
By considering a random phase modulation frequency of
300 kHz, an interferometer about 1 km long would be
needed. Current technology allows us to stabilize interfer-
ometers of up 4 km long (for instance, one of the interfer-
ometers of the LIGO experiment is 4 km long). With these
stable interferometers, the experiment would be feasible.
The predictions of quantum mechanics for the setup of

Fig. 2 are similar to those in Franson’s proposal: Eqs. (1a)
and (1b) hold, there is 25% of events in which both photons
are detected on the left at times t and tþ !L0

c , 25% of
events in which both photons are detected on the right, and
50% of coincident events for which (2) holds. The observ-
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FIG. 2 (color online). The generic setup of the proposed
energy-time (and time-bin) Bell experiment.

TABLE II. 32 sets of instructions of the LHV model.

A0 A1 B0 B1 hA0B0i hA0B1i hA1B0i hA1B1i
Sþ Sþ S% L* %1 rejected %1 rejected
Lþ Lþ L% S* %1 rejected %1 rejected
Sþ S% L* S% rejected %1 rejected þ1
Lþ L% S* L% rejected %1 rejected þ1
S% L* Sþ Sþ %1 %1 rejected rejected
L% S* Lþ Lþ %1 %1 rejected rejected
L* S% Sþ S% rejected rejected %1 þ1
S* L% Lþ L% rejected rejected %1 þ1

PRL 102, 040401 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

30 JANUARY 2009

040401-3

very recently... 

Overcomes all problems of Franson interferometer.

theory:
Cabello et al., 
PRL (2009)

Allows for both, time-bin and orbital entanglement.

Here, we introduce its electronic version.

experiment:
Lima et al., 

PRB(R) (2010)
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Our proposal: (integer) quantum-Hall interferometer

- BS: quantum point contacts

- primary & secondary e-source 

- BS-0: tunnel barrier

optical-like 
sketch

Source of Electronic Entanglement by Optical-Like Quantum-Hall Interferometry

Diego Frustaglia1, ∗ and Adán Cabello1, †

1Departamento de F́ısica Aplicada II, Universidad de Sevilla, E-41012 Sevilla, Spain
(Dated: September 3, 2009)

We introduce an interferometric scheme producing orbital entanglement in a quantum-Hall system
upon electron-hole pair emission via tunneling. The proposed setup is an electronic version of the
optical interferometer proposed by Cabello et al. [Phys. Rev. Lett. 102, 040401 (2009)], and is
feasible with present technology. It requires single-channel propagation and a single primary source.
We discuss the creation of entanglement and its detection by the violation of a Bell inequality.

PACS numbers: 03.65.Ud, 03.67.Mn, 73.43.-f 73.23.-b

Introduction.—Experimental progress in quantum in-
formation requires reliable sources of entanglement. In
quantum optics, spontaneous parametric down conver-
sion is a natural source of polarization-entangled pho-
tons [1] and can be used to produce energy-time entan-
gled photons after postselection [2]. These sources and
the existence of efficient methods for distributing photons
explain the success of quantum optics for long-distance
quantum communication.

On the other hand, solid-state nanostructures offer ad-
vantages for the local processing of quantum information.
This has provoked a major scientific effort towards the
development of quantum electronics. Specifically, there
is a research program for translating optical technologies
which have already proved their applicability for quan-
tum information processing into the realm of quantum
electronics. That includes the development of an elec-
tronic Mach-Zehnder interferometer [3], several imple-
mentations [4, 5] of electronic Hanbury Brown-Twiss in-
terferometers [6] and, more recently, the proposal [7] of
an electronic Hong-Ou-Mandel interferometer [8].

In this Letter we take a further step in this program
and introduce a new source of electronic entanglement.
This is inspired by a recent photonic interferometer, orig-
inally aimed for the production and detection of energy-
time and time-bin entanglement [9], after noticing that
the same scheme can be used to create orbital entangle-
ment by a suitable redefinition of the postselective local
measurements. Here, we show that all topological con-
straints from the optical setup– the basis of its work-
ing principle– can be satisfied and the problems derived
from Fermionic statistics can be overcome by making
use of the last developments in quantum-Hall physics [5].
The detection procedure is based on the measurement of
zero-frequency current-noise correlators in the tunneling
regime. Moreover, the setup presents some distinguish-
ing features over previous proposals requiring either two
propagating channels [10] or two sources [11, 12]: it re-
quires, instead, a single channel and a single tunnel bar-
rier as a source of correlated electron-hole pairs.

Optical interferometer.—We start by reviewing the in-
terferometer introduced in [9] (see Fig. 1). A source si-

BS!1

M

!12!
L1

L2

R2

R1

M

MM

!L1

!L2

!R1

!R2

two!photon
source

BS!R

BS!L

BS!2

FIG. 1: Optical interferometer introduced in [9].

multaneously emits two photons in opposite directions:
photon 1 to the right (along path Γ1) and photon 2 to the
left (along path Γ2). After meeting beam splitter BS-1
(BS-2), photon 1 (2) splits into a pair of paths ΓR1 and
ΓL1 (ΓR2 and ΓL2). Path ΓR1 (ΓR2) takes photon 1 (2)
to the right side of the interferometer for detection, while
path ΓL1 (ΓL2) does likewise in the left side.

The complete two-photon state emitted from BS-1 and
BS-2 is a coherent superposition of four possible paths
combinations represented by kets |Γ(L,R)1, Γ(L,R)2〉, with
the first site for photon 1 and the second for photon 2. It
consists of two contributions in which one photon flies off
to the right and the other one to the left (|ΓR1, ΓL2〉 and
|ΓL1, ΓR2〉), and two contributions in which both photons
fly off to the same side (|ΓR1, ΓR2〉 and |ΓL1, ΓL2〉). Pho-
tons 1 and 2 are not entangled with each other. However,
their state is not separable when rewritten on a left-right
bipartition basis, owning both standard mode entangle-
ment (orbital-mode or path entanglement in this case)
and occupation-number entanglement (i.e., coherent su-
perposition of terms with different local occupation num-
ber) [13]. The orbital entanglement [i.e., the entangle-
ment between left (ΓL1 , ΓL2) and right (ΓR1, ΓR2) prop-
agating channels] can be postselected from the total state
by coincidence measurements at both sides of the inter-
ferometer. This keeps only that part of the two-photon
state with one photon on each side of the interferometer:
events in which two photons arrive in the same side are
simply rejected. The postselected state corresponds to a

- topological constraints satisfied 

- problems from Fermionic  
  statistics overcome 

- single edge channel 

B
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|Ψin〉 =
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ε

a†1(ε)a
†
2(ε)|0〉

|Ψ′〉 =
eV∏

ε

[
t0b

†
1(ε) + r0b

†
2(ε)

]
a†2(ε)|0〉 scattering at BS-0

(
|t0|2 ! 1

)
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|Ψin〉 =
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ε

a†1(ε)a
†
2(ε)|0〉

|Ψ′〉 =
eV∏

ε

[
t0b

†
1(ε) + r0b

†
2(ε)

]
a†2(ε)|0〉 scattering at BS-0

electron-hole pair 
packet emitted

≈
[
1− t0

∫ eV

0
dε′ b2(ε′)b†1(ε

′)

]
eV∏

ε

b†2(ε)a
†
2(ε)|0〉

(
|t0|2 ! 1

)
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Entanglement production

|Ψout〉 = |0̄〉 + |Ψ̄〉

|Ψ̄〉 = t0e
i(φ1−φ2)

∫ eV

0
dε′ [t1t∗2C

†
L1(ε

′)CR2(ε′)− r1r
∗
2CL2(ε′)C†

R1(ε
′) +

t1r
∗
2C†

L1(ε
′)CL2(ε′) + r1t

∗
2C

†
R1(ε

′)CR2(ε′)] |0̄〉

|0̄〉 =
eV∏

ε

C†
L2(ε)C

†
R2(ε)|0〉 redefined vacuum: noiseless stream

scattering at BS-1 and BS-2

(thanks to secondary source !!)
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|Ψ̄〉 = t0e
i(φ1−φ2)

∫ eV

0
dε′ [t1t∗2C

†
L1(ε

′)CR2(ε′)− r1r
∗
2CL2(ε′)C†

R1(ε
′) +

t1r
∗
2C†

L1(ε
′)CL2(ε′) + r1t

∗
2C

†
R1(ε

′)CR2(ε′)] |0̄〉

orbital entanglement
(electron-hole swapping)

occupancy entanglement

maximum for
T1T2 = R1R2

Entanglement production
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Entanglement detection

violation of Bell-like inequality upon cross current-noise correlator

finite only when there is one tunneling excitation on each side 

orbitally entangled component only (post-selection) 

Sij = lim
T→∞

hν

T 2

∫ T

0
dt1dt2〈δILi(t1)δIRj(t2)〉 = −e3V/h|(tLt†R)ij |2 ∝ T0
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Entanglement detection

time

cu
rr

en
t

0

t

t!

"

Sij
proportional to joint-detection probabilities thanks to 

time-scale separation via tunneling

δt = h/eV

∆t = δt/T0

Samuelsson, Sukhorukov & Büttiker, PRL (2003)

δt! ∆t

review:  Beenakker, Proc. Fermi School (2006)

electrons

holes
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Entanglement detection
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E(UL, UR) =
S11 + S22 − S12 − S21

S11 + S22 + S12 + S21
=

tr
[
U†

LσzULtLt†RU†
RσzURtRt†L

]

tr
[
t†LtLt†R tR

]

E = E(UL, UR) + E(U ′
L, UR) + E(UL, U ′

R)− E(U ′
L, U ′

R) Bell-CHSH parameter

entanglement if |E| > 2 {UL, UR, U ′
L, U ′

R}for some 

18



Emax = 2

√

1 +
4(1− λ+)(1− λ−)λ+λ−
(λ+ + λ− − λ2

+ − λ2
−)2

Entanglement detection

t†RtReigenvalues of

λ+/− :

t1t
∗
2C

†
L1CR2 − r1r

∗
2CL2C

†
R1

C = 2
√

T1T2R1R2

T1T2 + R1R2

concurrence of 

maximum for T1T2 = R1R20 ≤ C ≤ 1

= 2
√

1 + C2 (tunneling regime)

C as a measurable quantity
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electronic Hong-Ou-Mandel interferometer

Our proposal:

21 BS

4

31

2
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#

!

|Ψ〉 = sin θ(cos φ|Φ11〉 + sin φ|Φ22〉) + cos θ|Φ12〉

|Φij〉 =
∑

αβ

Φ(ij)
αβ a†iαa†jβ |0〉

phase (electric/magnetic control)
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phase (electric/magnetic control)

|Ψ〉 = sin θ(cos φ|Φ11〉 + sin φ|Φ22〉) + cos θ|Φ12〉

states: undefined local occupancy, multichannel (orbital/spin modes     )

observable:

Alternative detection scheme

Giovannetti, D. F., 
Taddei & Fazio, 
PRB(R) (2007)

use: discriminate/quantify mode and occupancy entanglement 

〈IiIj〉 〈δIiδIj〉instead of

α
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Summary

quantum optics into quantum electronics: 
possible and worthy

feasible with present technology 

e-interferometer for entanglement production/detection 
with practical and conceptual advantages
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