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C(CE) = 3.9(3.8) ! 10!5 using a more conservative es-
timation (CE); see Appendix. Both estimations yield a
concurrence that is greater than 0 by at least one stan-
dard deviation, and show that entanglement was indeed
present between the two crystals. This measurement re-
quired 166 hours, a period in which two threefold coin-
cidences were observed. The prohibitively long integra-
tion time of this method prevented us from attempting
it with lower pump powers (i.e. for lower probability of
creating more than one pair). Hence, to study how the
concurrence changes with pump power, we used a second
method based on twofold coincidences, which we now de-
scribe.

In the second method, p11 is estimated using a sup-
plementary assumption (see the Appendix for details).
This approach is motivated by the results obtained in
ref. [13]. Specifically, we assume that all the observed
detections stem from a two-mode squeezed-state, and
thus the measured zero-time cross-correlation ḡs,i can be
written as ḡs,i = 1 + 1/p, where p " 1 and p2 are in-
terpreted as the probabilities of creating one and two
photon pairs, respectively. We then proceed as follows
to estimate p11. We first measure the zero-time cross-
correlation gAs,i between detections in the idler mode and
the signal mode A (with mode B blocked). Then we
measure gBs,i in the same way (with mode A blocked) and

verify that gAs,i # gBs,i. We calculate the average of gAs,i
and gBs,i, denoted ḡs,i, and estimate p11 using

p11 =
4p10p01
ḡs,i $ 1

. (2)

In the Appendix, we provide justifications and additional
measurements that support our assumption and give ev-
idence that it yields a lower bound on the concurrence.
In particular, we measured the second-order autocorre-
lation of the signal (or idler) mode without storage to

be g(2)s,s (0) = 1.81(2) (or g(2)i,i (0) = 1.86(9)), which is very
close to the ideal value of 2 associated with the ther-
mal photon statistics of a two-mode squeezed state. We
also measured the zero-time second-order autocorrelation
function of the heralded signal photon just before stor-

age and obtained g(2)s,s|i(0) = 0.061(4) for a pump power
of 8 mW, which is consistent with p " 1. Note that
this method of estimating p11 is based on twofold coinci-
dences as opposed to threefold coincidences for the other
method. For our specific setup, this resulted in a reduc-
tion of the measurement time by a factor of 106 for similar
statistical confidence on the concurrence. This method
requires no physical modifications to the optical circuit to
measure the di!erent components of the retrieved fields,
which simplifies its implementation.

We performed a series of measurements for several val-
ues of the pump power, which is proportional to p pro-
vided p " 1. For all measurements we used coincidence
windows of 10 ns, and all results are based on raw counts
(i.e. without subtraction of dark counts and accidental
coincidences). The inset of 2a shows the interference of
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FIG. 2. Results. a, Visibility as a function of pump power.
The visibility is approximately constant with an average of
96.5± 1.2% (green shaded region). The inset shows the visi-
bility curves at 16 mW measured with detectors 1 ( ) and 2
( ) (15 minutes acquisition time per point; the error bars are
smaller than the symbols). The di!erent amplitudes result
from non-uniform loss after recombination of modes A and B
on the beamsplitter. The visibilities agree within uncertain-
ties in the fits. b, Zero-time cross-correlation ḡs,i as a function
of pump power. The decreasing values agree well with a theo-
retical model (shaded region; see Appendix). c, Lower bound
on the concurrence estimated using the cross-correlation mea-
surement the as a function of pump power ( ), calculated us-
ing Eq. 1 and 2, and the mean visibility of a. The concurrence
decreases with pump power, as expected, but remains positive
up to 16 mW. The shaded region corresponds to the model
in b. All measured values of p10, p01 and p11 are given in the
Appendix. All values are based on raw counts. Uncertainties
are obtained assuming Poissonnian detection statistics. The
lower bound on the concurrence at 16 mW obtained from
measured threefold coincidences using either the maximum
likelihood estimation ( ) or the conservative estimation ( )
are also shown (they are horizontally o!setted for clarity).

(concurrence is a measure of entanglement, ranging from 0 for a
separable state to 1 for a maximally entangled state). The term V is
the interference visibility obtained by recombining optical modes
A and B on a 50/50 beamsplitter and is directly proportional to
the coherence between the retrieved fields in modes A and B. To
obtain a large concurrence, one should maximize V (the coherence)
and p10! p01 (the probability to detect the heralded photon), and
minimize p00 and p11 (the probabilities of detecting separable states
|0lA|0lB and |1lA|1lB stemming from a lost signal photon and from
two signal photons, respectively). To estimate V, p00, p10, p01 and
p11, we used the set-up of Fig. 1 (see Methods for details). For p11,
in particular, we used two different methods, as described in
the following.

In the first method, we use a direct measurement of threefold
coincidences, that is, involving all three detectors (see
Supplementary Information). With a pump power of 16 mW,
we obtained C(MLE)" 6.3+3.8! 1025 using a maximum likelihood
estimation (MLE) of the threefold coincidence probability, and
C(CE)" 3.9+3.8! 1025 using a more conservative estimation
(CE). Both estimations yield a concurrence that is greater than 0
by at least one standard deviation, which is consistent with the pres-
ence of entanglement between the two crystals. This measurement
required 166 h, a period in which two threefold coincidences were
observed. The prohibitively long integration time of this method
prevented us from attempting it with lower pump powers (that is,
for a lower probability of creating more than one pair). Hence, to
study how the concurrence changes with pump power, we used a
second method based on twofold coincidences, which we
now describe.

In the second method, p11 is estimated using the fact that
our SPDC source produces a state that is very close to a
two-mode-squeezed state (TMSS) (see Methods and
Supplementary Information). We therefore assume that the
measured zero-time cross-correlation !gs,i is consistent with a
TMSS and can be written as !gs,i = 1+ 1/p, where p and p2 are
interpreted as the probabilities of creating one and two photon
pairs, respectively (where p" 1). In practice, !gs,i is taken as
the average value of gs,i

A and gs,i
B , where gs,i

A (or gs,i
B ) is obtained by

blocking mode B (or mode A). From the relationship between p
and p11, we find

p11 =
4p10p01
!gs,i # 1

(2)

In the Methods and Supplementary Information, we present
additional measurements that support our assumption about our
source, and show that it leads to a lower bound on the concurrence.
We performed a series of measurements for several values of the
pump power, which is proportional to p provided p" 1.
Figure 2a shows the interference of the delocalized single photon
retrieved from the memories. The visibility does not depend on
the pump power, and has an average value of 96.9+1.5%.
Figure 2b shows the measured !gs,i, from which it can be seen that
reducing the pump power increases the cross-correlation, as
expected. Using additional measurements, we estimated the trans-
mission loss, memory efficiency, dark count probability and pair
creation probability of our set-up. These values were then used in
a theoretical model (shaded region in Fig. 2b) that is in excellent
agreement with the measured values of !gs,i, providing additional
evidence that the estimated value of p11 yields a lower bound
on the concurrence (see Supplementary Information). Figure 2c
shows the lower bound on the concurrence for all pump powers,
calculated using equations (1) and (2). The concurrence decreases
with pump power because p11 increases, but all other terms in
equation (1) depend on photon loss only and hence are approxi-
mately constant. Nevertheless, the concurrence remains larger
than zero for all used pump powers, consistent with heralded entan-
glement between the atomic ensembles inside the two crystals. The
results of the measurement of the concurrence based on threefold
coincidences are plotted in Fig. 2c and agree, within uncertainty,
with the results of the method based on measurement of the
cross-correlation. The observed values of the concurrence are
lower bounds on the amount of entanglement of the detected
fields and are almost entirely determined by optical loss. Factoring
out the detector inefficiency and interferometer loss yields a lower
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Figure 1 | Experimental set-up.Quantum memoriesMA and MB are implemented using neodymium ions doped into yttrium ortho-silicate crystals
(Nd3!:Y2SiO5) separated by 1.3 cm and cooled to 3 K using a cryostat (see ref. 23 for details). The total efficiency of each memory (used in a double-pass
configuration) is 15%. A fibre-optic switch is used to alternate between a 15-ms-long preparation of the two neodymium ensembles as atomic frequency
combs on the 4I9/2$

4F3/2 transition, followed by attempts at entanglement creation for another 15 ms. The preparation includes a 4 ms waiting time to
avoid fluorescence from atoms left in the excited state. For entanglement creation, continuous-wave light at 532 nm is coupled into a periodically poled (PP)
KTP waveguide, leading to the production of pairs of photons at wavelengths of 883 nm and 1,338 nm through SPDC. Photons from each pair are separated
on a dichroic mirror (DM) and frequency filtered to below the 120 MHz bandwidth of the quantum memories. Detection of an idler photon at 1,338 nm
(using a low-noise superconducting single photon detector38) heralds the presence of a signal photon at 883 nm. The signal photon now traverses the
switch, a polarizing beamsplitter (PBS) and a Faraday rotator (FR), before a 50/50 beamsplitter (BS) creates single-photon entanglement between
spatial modes A and B. This entanglement is, upon absorption, mapped onto crystalsMA and MB. After a preprogrammed storage time of 33 ns, the
photons are re-emitted and pass through the beamsplitter again. Depending from which output mode of the beamsplitter they emerge, they either
reach detector 2 (silicon-based single-photon detector) or are rotated in polarization by the Faraday rotator and reflected by the polarizing beamsplitter
towards detector 1.
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The number of particles is not a sufficient criteria

Example: massive crystal entanglement
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The number of particles is not a sufficient criteria

Example: entanglement involving 100 000 photons 2

Ref. [1], if a bipartite system containing two macroscopic
light beams A,B (Fig. 1) is separable, it satisfies a cer-
tain condition. Violation of this condition indicates that
the state is non-separable (entangled if it is pure).
To simplify comparison with experiment, we derive a

necessary condition of separability in terms of the Stokes
parameters and their variances [17]. This approach en-
ables us to prove a stronger condition than the one of
Ref. [1]. It is important that our consideration is also
valid for multimode beams.
As shown in Section A of the supplementary material,

for a separable state, the sum of the three Stokes vari-
ances !S2

i , i = 1, 2, 3, cannot be smaller than twice the
total photon number !Ŝ0",

3
!

i=1

!S2
i /!Ŝ0" # 2. (3)

A similar inequality was proved for atomic ensembles in
Ref. [5].
Inequality (3) is often mentioned as one of the un-

certainty relations in polarization quantum optics (see,
for instance, [3, 20]). Indeed, it follows directly from
the well-known equality for the Stokes operators Ŝi [3],
Ŝ2
1 + Ŝ2

2 + Ŝ2
3 = Ŝ0(Ŝ0 + 2). It should be noted, how-

ever, that this operator equality holds true only in the
case where, apart of the two polarization modes, the
light beam contains only a single frequency and angu-
lar mode [21, 22]. Thus, inequality (3) is not of general
validity. In fact, it is a necessary condition of separabil-
ity. Its violation indicates that a beam is non-separable,
i.e., is a su!cient condition of non-separability. As we
show below, Eq. (3) is violated in our experiment.
The experiment was performed with the macro-

scopic singlet Bell state |"(!)
mac", similar to the one con-

sidered in [1, 8, 9, 11]. The setup (Fig. 2) is described in
detail in Refs. [2, 17].

Theoretically, the singlet state |"(!)
mac" has three Stokes

parameters equal to zero, !Ŝ1,2,3" = 0, as well as the
corresponding variances, !S2

1,2,3 = 0, and higher-order
moments [21]. Thus, in theory condition (3) is always
violated, as its left-hand side is zero. In practice, achiev-
ing a zero variance of any Stokes observable is impossible.
The noise is caused by the inevitable losses (including the
non-ideal quantum e#ciency of the detectors) and the
imperfect mode matching. To optimize the mode match-
ing, beams A,B are filtered in the angle separately.
Testing condition (3) requires the measurement of vari-

ances for three Stokes observables and the total pho-
ton number !Ŝ0", which is the shot-noise level. The
variances of S1,2,3 and the mean photon number !Ŝ0"
were measured by analyzing the statistics over 20000
pulses [23]. Typical photon numbers per pulse were
105 (Fig. 2). This was due to a very large number of
modes collected. It is known that collinear type-I phase

!
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FIG. 2. Top: the experimental setup. Orthogonally po-
larized squeezed vacuums are generated in two type-I BBO
crystals and overlapped at a polarizing beamsplitter (PBS);
the residual pump is eliminated by dichroic mirrors (DM) and
a long-pass filter OG. The interferometer is balanced using a
trombone prism. A dichroic plate (DP) is inserted for pro-
ducing the macroscopic singlet state. Two apertures (A1,A2)
placed in the focal plane of a lens select the angular spectra of
the beams at two wavelengths, separated by a dichroic mirror
DM1 and joined together by another dichroic mirror DM2.
The measurement part also includes a Glan prism (GP), a
half-wave plate (HWP) or a quarter-wave plate (QWP), and
two detectors. Bottom left: number of photons per pulse ver-
sus the pump power. Bottom right: variance of the Stokes
observable plotted versus the direction in 3D (the object in-
side the sphere). The outer sphere shows the shot-noise level.

matching is characterized by a large number of angu-
lar Schmidt modes [24]. By accepting, with our angular
apertures, nearly whole angular spectra at wavelengths
!A,!B , we collected about 104 angular modes and 102

frequency modes [6]. At the same time, the number of
photons per mode was mesoscopic. The bottom-left part
of Fig. 2 shows the output/input characteristic of the
down-converter; the dependence is almost linear and its
fit yields the maximum gain 0.33±0.06 corresponding to
the number of photons per mode 0.12 ± 0.04. However,
condition (3) is invariant to the number of modes [17].
This is why it is suitable for testing multimode states; on
the contrary, traditional Wigner-function measurement
requires single-mode states and is therefore not applica-
ble here. Besides, measurement of the photon-number
variance for squeezed vacuum has been shown to be in-
variant to the gain, at least up to values $ $ 2 [6].
Figure 3 shows the left-hand side of inequality (3) plot-

ted against the diameter of the A1 aperture, D1. For all
points below the dashed line, the necessary condition of
separability is violated. We see that with the transverse
modes properly matched, it is violated by more than 5

! 1!
2
(|0A1B" # |1A0B")

"!100000



|1!atom|0!photon + |0!atom|1!photon

|1!atom|Alive!cat + |0!atom|Dead!cat

The Schroedinger cat provides an example
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Macroscopicity vs entanglement

Macroscopicity is not invariant through local unitary!

C-NOT gatesmicro-micro micro-macro

D(!) = e!â†!!!â

photonic entanglement + displacement in the phase space



Creating Entanglement at a beamsplitter

Consider a separable state

for each component
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Since the only pure state leading to a 
product state after a beamsplitter is the 
coherent state 

!
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All non-classical states lead to entanglement
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.

coupled into a monomode fibre with an e!ciency of 50%.
The measurement of the second order auto-correlation
g(2)(0) = 1.9(1) unambiguously demonstrates the purity
of the signal field [15]. By sending the latter into a
balanced beamsplitter, one obtains, leaving aside the
loss, a maximally entangled state that describes the
two output modes A and B sharing a single photon
1
!

2
(|1!A|0!B + |0!A|1!B) . This path entangled state,

known as single-photon entanglement, can be seen as
the signature of the non-classical feature of the heralded
signal photon [16, 17].

The second step consists in amplifying the mode A by
applying a unitary operation Da(!) corresponding to a
displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form

1"
2
(Da(!)|1!A|0!B + |!!A|1!B) . (1)

|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and

2
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at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
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a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
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Displaced single-photon entanglement
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.

coupled into a monomode fibre with an e!ciency of 50%.
The measurement of the second order auto-correlation
g(2)(0) = 1.9(1) unambiguously demonstrates the purity
of the signal field [15]. By sending the latter into a
balanced beamsplitter, one obtains, leaving aside the
loss, a maximally entangled state that describes the
two output modes A and B sharing a single photon
1
!

2
(|1!A|0!B + |0!A|1!B) . This path entangled state,

known as single-photon entanglement, can be seen as
the signature of the non-classical feature of the heralded
signal photon [16, 17].

The second step consists in amplifying the mode A by
applying a unitary operation Da(!) corresponding to a
displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form

1"
2
(Da(!)|1!A|0!B + |!!A|1!B) . (1)

|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.
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ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.
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displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated
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the resulting local oscillator and the field A is confirmed
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reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
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of the form
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displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.

coupled into a monomode fibre with an e!ciency of 50%.
The measurement of the second order auto-correlation
g(2)(0) = 1.9(1) unambiguously demonstrates the purity
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known as single-photon entanglement, can be seen as
the signature of the non-classical feature of the heralded
signal photon [16, 17].

The second step consists in amplifying the mode A by
applying a unitary operation Da(!) corresponding to a
displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form
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|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.

coupled into a monomode fibre with an e!ciency of 50%.
The measurement of the second order auto-correlation
g(2)(0) = 1.9(1) unambiguously demonstrates the purity
of the signal field [15]. By sending the latter into a
balanced beamsplitter, one obtains, leaving aside the
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known as single-photon entanglement, can be seen as
the signature of the non-classical feature of the heralded
signal photon [16, 17].

The second step consists in amplifying the mode A by
applying a unitary operation Da(!) corresponding to a
displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form
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|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.

coupled into a monomode fibre with an e!ciency of 50%.
The measurement of the second order auto-correlation
g(2)(0) = 1.9(1) unambiguously demonstrates the purity
of the signal field [15]. By sending the latter into a
balanced beamsplitter, one obtains, leaving aside the
loss, a maximally entangled state that describes the
two output modes A and B sharing a single photon
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(|1!A|0!B + |0!A|1!B) . This path entangled state,

known as single-photon entanglement, can be seen as
the signature of the non-classical feature of the heralded
signal photon [16, 17].

The second step consists in amplifying the mode A by
applying a unitary operation Da(!) corresponding to a
displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form
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(Da(!)|1!A|0!B + |!!A|1!B) . (1)

|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.
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displacement in the phase space. The latter is obtained
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behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form

1"
2
(Da(!)|1!A|0!B + |!!A|1!B) . (1)

|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and

Micro-macro entanglement ?

_ large number of photons

P. Sekatski, N. Sangouard, F. Bussieres, M. Afzelius, and N. Gisin, Phys. Rev. A 86, 060301 (2012)

_ local unitary

_ 1ebit

_ entanglement decreases fast under 
dephasing process

_ individual components have larger 
variances than the superposition

_ the components are well separated in 
the photon number space
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Any phase fluctuation can be seen as a weak 
measurement of the photon number

       States that are macro with respect our 
criteria are inevitably very sensitive to phase 
decoherence



Detecting displaced single-photon entanglement

Displacing back to micro-micro entanglement 
before using a well established entanglement 
measure

Detecting macro entanglement is a difficult task
_ decoherence inevitably increases the Hilbert space dimension

_ requires high resolution detection

P. Sekatski, N. Sangouard et al., Phys. Rev. A 86, 060301 (2012)
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.

coupled into a monomode fibre with an e!ciency of 50%.
The measurement of the second order auto-correlation
g(2)(0) = 1.9(1) unambiguously demonstrates the purity
of the signal field [15]. By sending the latter into a
balanced beamsplitter, one obtains, leaving aside the
loss, a maximally entangled state that describes the
two output modes A and B sharing a single photon
1
!

2
(|1!A|0!B + |0!A|1!B) . This path entangled state,

known as single-photon entanglement, can be seen as
the signature of the non-classical feature of the heralded
signal photon [16, 17].

The second step consists in amplifying the mode A by
applying a unitary operation Da(!) corresponding to a
displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form

1"
2
(Da(!)|1!A|0!B + |!!A|1!B) . (1)

|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and
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FIG. 2. a. HOM type interference between the heralded sin-
gle photon in mode A and the local oscillator that is used
to displace it. This is obtained by varying the arrival time
of the local oscillator onto the first 90:10 beam-splitter (c.f.
FIG. 1) and recording the twofold coincidences at the outputs
of the beamsplitter. The experimental results (red dots) ex-
hibits a dip with a visibility of 23(4)% b. The lower bound
on the concurrence as a function of the mean photon num-
ber |!|2. The concurrence decreases when the photon number
increases, as expected, but remains positive up to nearly 550
photons. The value of the underlying parameters (V, p00, p01,
p10, and p11) can be found in the Annexe. They are all based
on raw counts, without subtracting dark counts and acciden-
tal coincidences. The full line is obtained from a theoretical
model that uses independent measurements, c.f. main text.
The inset shows the photon number probability distribution
for |!! (red) and Da(!)|1! (blue).

in the concurrence by more than one order of magnitude
e.g. a lower bound of almost 20% for the concurrence of
the micro-macro state with |!|2 = 100. Putting aside the
loss before the displacement (the coupling ine!ciency of
the idler photon into the fibre), the concurrence would
further increase to around 40% for |!|2 = 100.

Conclusion We have reported an experimental
observation of heralded entanglement involving large
photon numbers and macroscopically distinguishable
components. These results mark a significant increase
in macroscopicity with respect to some previous e"orts,
in particular, the generation of optical Schroedinger

kitten states, i.e. superpositions of coherent states with
opposite phases involving a very few number of photons
on average [25–27]. Furthermore, it also overcomes
the problem faced by bright [28–30] and multi-mode
[31] squeezed states where the entangled components
cannot be distinguished with coarse-grained measure-
ments. So far, we have only considered entanglement
at the level of one e-bit. A fascinating perspective
would be to store these photonic entangled states in
atomic ensembles - the use of inherently multi-mode
materials, like Rare-Earth doped crystal, would provide
a particularly promising means to store several of these
entangled states, thus further increasing the number
of available e-bits. Similarly to NOON states [32] or
Squeezed states [33], the phase sensitivity of the macro
state under consideration may be useful for precision
measurements, especially in the presence of loss, where
alternative states have a limited usefulness. Returning
to a more fundamental perspective, our results demon-
strate that a physical system, here made with two
clearly defined and well separated optical modes, can be
displaced back and forth between the micro and macro
domains while maintaining quantum entanglement. The
principle could likely be generalised to demonstrate
micro-macro entanglement obtained by any unitary
operation, e.g. by cloning a photon belonging initially to
an entangled pair, as proposed in Ref. [13]. Our results
also highlight the idea that although observing macro
entanglement with coarse-grained measurements is very
challenging, the creation of quantum macro systems can
be straightforward. This suggests that quantumness is a
concept that extends into our macro world and provides
us with renewed motivation to look for quantum e"ects
in Nature.
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C. Wunderlich, J. Raimond, and S. Haroche,
Phys. Rev. Lett. 77, 4887 (1996).

[3] C. Monroe, D. M. Meekhof, B. E. King, and D. J.
Wineland, Science 272, 1131 (1996).

[4] Q. A. Turchette, C. J. Myatt, B. E. King, C. A. Sack-
ett, D. Kielpinski, W. M. Itano, C. Monroe, and D. J.
Wineland, Phys. Rev. A 62, 053807 (2000).

[5] P. Sekatski, N. Brunner, C. Branciard, N. Gisin, and
C. Simon, Phys. Rev. Lett. 103, 113601 (2009).

[6] P. Sekatski, B. Sanguinetti, E. Pomarico, N. Gisin, and
C. Simon, Phys. Rev. A 82, 053814 (2010).

N. Bruno, A. Martin, P. Sekatski, N. Sangouard, R. Thew, and N. Gisin, arXiv:1212.3701



Displaced single-photon entanglement: experiment

2

FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.

coupled into a monomode fibre with an e!ciency of 50%.
The measurement of the second order auto-correlation
g(2)(0) = 1.9(1) unambiguously demonstrates the purity
of the signal field [15]. By sending the latter into a
balanced beamsplitter, one obtains, leaving aside the
loss, a maximally entangled state that describes the
two output modes A and B sharing a single photon
1
!

2
(|1!A|0!B + |0!A|1!B) . This path entangled state,

known as single-photon entanglement, can be seen as
the signature of the non-classical feature of the heralded
signal photon [16, 17].

The second step consists in amplifying the mode A by
applying a unitary operation Da(!) corresponding to a
displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form

1"
2
(Da(!)|1!A|0!B + |!!A|1!B) . (1)

|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and
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FIG. 2. a. HOM type interference between the heralded sin-
gle photon in mode A and the local oscillator that is used
to displace it. This is obtained by varying the arrival time
of the local oscillator onto the first 90:10 beam-splitter (c.f.
FIG. 1) and recording the twofold coincidences at the outputs
of the beamsplitter. The experimental results (red dots) ex-
hibits a dip with a visibility of 23(4)% b. The lower bound
on the concurrence as a function of the mean photon num-
ber |!|2. The concurrence decreases when the photon number
increases, as expected, but remains positive up to nearly 550
photons. The value of the underlying parameters (V, p00, p01,
p10, and p11) can be found in the Annexe. They are all based
on raw counts, without subtracting dark counts and acciden-
tal coincidences. The full line is obtained from a theoretical
model that uses independent measurements, c.f. main text.
The inset shows the photon number probability distribution
for |!! (red) and Da(!)|1! (blue).

in the concurrence by more than one order of magnitude
e.g. a lower bound of almost 20% for the concurrence of
the micro-macro state with |!|2 = 100. Putting aside the
loss before the displacement (the coupling ine!ciency of
the idler photon into the fibre), the concurrence would
further increase to around 40% for |!|2 = 100.

Conclusion We have reported an experimental
observation of heralded entanglement involving large
photon numbers and macroscopically distinguishable
components. These results mark a significant increase
in macroscopicity with respect to some previous e"orts,
in particular, the generation of optical Schroedinger

kitten states, i.e. superpositions of coherent states with
opposite phases involving a very few number of photons
on average [25–27]. Furthermore, it also overcomes
the problem faced by bright [28–30] and multi-mode
[31] squeezed states where the entangled components
cannot be distinguished with coarse-grained measure-
ments. So far, we have only considered entanglement
at the level of one e-bit. A fascinating perspective
would be to store these photonic entangled states in
atomic ensembles - the use of inherently multi-mode
materials, like Rare-Earth doped crystal, would provide
a particularly promising means to store several of these
entangled states, thus further increasing the number
of available e-bits. Similarly to NOON states [32] or
Squeezed states [33], the phase sensitivity of the macro
state under consideration may be useful for precision
measurements, especially in the presence of loss, where
alternative states have a limited usefulness. Returning
to a more fundamental perspective, our results demon-
strate that a physical system, here made with two
clearly defined and well separated optical modes, can be
displaced back and forth between the micro and macro
domains while maintaining quantum entanglement. The
principle could likely be generalised to demonstrate
micro-macro entanglement obtained by any unitary
operation, e.g. by cloning a photon belonging initially to
an entangled pair, as proposed in Ref. [13]. Our results
also highlight the idea that although observing macro
entanglement with coarse-grained measurements is very
challenging, the creation of quantum macro systems can
be straightforward. This suggests that quantumness is a
concept that extends into our macro world and provides
us with renewed motivation to look for quantum e"ects
in Nature.
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FIG. 1. Experimental setup. SOURCES: A Ti:Sapphire laser pulsed in the picosecond regime with a 76MHz repetition rate
at 780 nm pumps two periodically poled lithium niobate (PPLN) bulk crystals. In one crystal, pairs of photons are generated by
type II spontaneous parametric down conversion and separated by a polarising beamsplitter (PBS). One photon is sent through
a 25GHz filter (f ) at a central wavelength of 1563 nm, and detected in a gated APD with 20% detection e!ciency. The second
PPLN crystal is seeded by an additional CW laser at 1563 nm, generating a local oscillator (by means of pulsed coherent state)
via di"erence frequency generation, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser.
MICRO entanglement: The heralded single photon (HSP) is sent to a fibre 50:50 beamsplitter, realising an entangled state
between the two output modes A and B. The figure-8 shapes represents the entanglement between the two modes. MACRO
entanglement: The mode A is then combined with the local oscillator on a unbalanced beamsplitter (90:10), corresponding to
a displacement operation on the HSP state. A set of black lines represents the fact that on this mode the state can be seen
as macroscopic. ANALYSIS: The measurement setup consists in the application, on the mode A, of an inverse displacement
operation Da(!)

!1 = Da(!!) by means of another 90/10 fibre beamsplitter that closes a Mach-Zehnder interferometer. The
adjustable U-bench allows one to accurately balance the path length di"erence for the experimental wavelength and to stabilise
the phase on the side of the interference fringe from a reference laser (c.f. Annexe). In this interferometer, a piezo (PZT) is
used to compensate the phase fluctuations. The PZT on the mode B is used to observe single photon interference fringes. A
pair of PBSs and a half waveplate (HWP) are used to recombine the modes A and B (HWP at "/8 ) or not (HWP at 0)
to access V or pij, respectively (c.f. main text). The two outputs are detected by two APDs with 25% detection e!ciency,
triggered by the detection of an idler photon in the HSP source.

coupled into a monomode fibre with an e!ciency of 50%.
The measurement of the second order auto-correlation
g(2)(0) = 1.9(1) unambiguously demonstrates the purity
of the signal field [15]. By sending the latter into a
balanced beamsplitter, one obtains, leaving aside the
loss, a maximally entangled state that describes the
two output modes A and B sharing a single photon
1
!

2
(|1!A|0!B + |0!A|1!B) . This path entangled state,

known as single-photon entanglement, can be seen as
the signature of the non-classical feature of the heralded
signal photon [16, 17].

The second step consists in amplifying the mode A by
applying a unitary operation Da(!) corresponding to a
displacement in the phase space. The latter is obtained
by combining the mode A and an intense local oscillator
on a highly unbalanced beamsplitter [18, 19]. The physics
behind the displacement is based on an interference pro-
cess. Hence, the field A and the local oscillator need to be
indistinguishable. This is insured in practice by produc-
ing the local oscillator by means of a di"erence frequency
generation (DFG), using an identical nonlinear crystal to
the one used for the photon pair creation but stimulated

by a cw telecom laser. The indistinguishability between
the resulting local oscillator and the field A is confirmed
through a Hong-Ou-Mandel type interference [20] whose
dip, reported in FIG. 2, has a visibility limited by the
reflectivity of the beamsplitter and the photon statistics
only. As such, after the displacement, the detection of an
idler photon heralds the generation of an entangled state
of the form

1"
2
(Da(!)|1!A|0!B + |!!A|1!B) . (1)

|!!A results from the displacement of the vacuum. It
follows a Poissonian photon number distribution with
mean photon number |!|2 equal to the variance. The
displacement also increases the mean photon number
of the single photon state |1!, but it preserves its
non-gaussian character. Specifically the state Da(!)|1!A
is characterised by a photon number distribution with
a mean photon number |!|2 + 1 and a variance 3|!|2.
The state (1) thus describes entanglement between a
microscopically populated mode B and a mode A whose
mean population can be adjusted by tuning the intensity
of the local oscillator. Remarkably, for large |!|2, it
involves a superposition of two components |!!A and

The decoherence problem and the requirement on the precision 
of the measurement are two facets of the same problem
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Conclusion

Proposal for a macro measure based on the distinguishability of 
superposition components with a «classical» measurement 

Displaced single-photon entanglement as an example

Use of a well established entanglement measure

measurements precision    <------>   decoherence

Useful for opto-mechanics? phase estimation in interferometric 
measurement?




