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Experimentally feasible generation protocol for polarized hybrid entanglement
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We propose a scheme to generate polarized hybrid entanglement in the form of |H 〉|α〉 + |V 〉|−α〉 by
interference between a superposition of coherent states and a polarization entangled photon pair. In the scheme two
sets of interferences with perpendicular polarizations are designed to erase “which path” information. The joint
output fields of the two sets of interferences are used to herald the generation of the polarized hybrid entanglement.
The advantage of the protocol is its experimental feasibility since it not only realizes effective interference but also
retains the polarization information in the output fields of interferences. We also analyze the effect of imperfect
experimental conditions on the generated hybrid state, including inefficiency on-off single-photon detectors
with dark counts and available approximate resource states. The theoretical analysis shows that the fidelity of the
heralded hybrid state with small amplitude can be maintained at a high level under actual experimental conditions.
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I. INTRODUCTION

Finite-dimensional discrete variables and infinite-
dimensional continuous variables are two different ways of
encoding quantum information [1,2]. Considerable progress
has been made in quantum information processing for discrete
variables [3–8] and continuous variables [9–14]. However,
both encodings have their advantages and drawbacks [15,16].
In the discrete variable regime, the fidelities for preparing
and operating quantum states are close to unity, but the
events are always probabilistic. In the continuous variable
regime, preparation and operation of quantum states are
deterministic, but the states are very sensitive to loss. In
this context the concept of hybrid entanglement is proposed.
Hybrid entanglement combines the resource, operation, or
measurement means of the discrete variable and continuous
variable, and can accomplish some tasks which cannot be
completed by a single coding style [17,18].

A lot of research work has been done in the field of
hybrid entanglement [19–25]. Takeda et al. demonstrated
deterministic teleportation of qubits by means of continuous
variable teleportation [20]. They also realized entanglement
swapping between discrete and continuous variables [21].
The generation of hybrid entanglement between a discrete
variable qubit and a continuous variable coherent state is also
a research spot in the field. Entanglement in the form of |ψ〉 =

1√
2
(|0〉|α〉 + |1〉|−α〉) has been produced experimentally

[24,25], where |0〉 is the vacuum state, |1〉 is the single-photon
state, and |α〉 is the coherent state with amplitude α. An
increasingly important hybrid entanglement is in the form
of |ψ〉 = 1√

2
(|H 〉|α〉 + |V 〉|−α〉), where |H 〉 and |V 〉 are

the single-photon states with horizontal (H) and vertical (V)
polarizations, respectively. The polarized hybrid state can be
used to perform deterministic quantum teleportation by using
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linear optics, and it is the necessary resource for universal
gate operation [18]. A Bell inequality test using the polarized
hybrid state can be highly robust against detection inefficiency
[26]. In addition, the polarized hybrid state can be applied
in a quantum repeater which can be purified by using a
parity-check gate [27]. However, the generation of polarized
hybrid entanglement has not been reported experimentally. In
order to generate the polarized hybrid state, two obstacles must
be overcome. One obstacle is that the first mode of the polarized
hybrid state contains definitely one photon, so we cannot
generate it by using adding photons [25] or subtracting photons
[24]. The polarization of the photon from a polarized entangled
photon pair is indeterminate, and can be H or V polarized. How
to realize an effective interference and retain the polarization
information at the same time is the other obstacle to generate
the polarized hybrid state in experiment.

Recently Kwon and Jeong proposed a theoretical scheme to
generate polarized hybrid entanglement [28]. A displacing op-
eration is performed on one photon of a polarization entangled
photon pair, then the displaced photon interferes with a fraction
of the coherent state to erase “which path” information. Their
application of displacing operation not only ensures that one
photon is included in the first mode of the heralded hybrid state
but also makes for a higher success probability. However, the
polarization obstacle is still not solved. Based on Ref. [28],
we propose a scheme to generate the polarized hybrid state in
which the two obstacles can be overcome at the same time.
We design two sets of interferences to erase which path infor-
mation, the polarizations of which are H and V, respectively.
The joint outputs of the two sets of interferences are used
to herald the generation of the polarized hybrid state. We
also analyze the effect of imperfect experimental conditions
on the generated hybrid state, including inefficiency on-off
single-photon detectors and available approximate resource
states. In addition, we add the dark count noise of detectors
in the theoretical model, and discuss the effect of dark noise
on the fidelity of the heralded hybrid state.
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FIG. 1. Generation schematic diagram for polarized hybrid en-
tanglement. |χ〉12, polarization entangled photon pairs; |SCSϕ (αi )〉3,
superposition of coherent states; BS1, beam splitter with a small re-
flectivity; BS2-4, 50/50 beam splitters; PBS, polarized beam splitter;

DH (
√

R

2 αi ) and DV (
√

R

2 αi ) are displacement operations with H and

V polarizations, respectively; λ

2 , half wave plate; SPDs, single-photon
detectors.

II. GENERATION SCHEME

The ideal polarized hybrid entanglement is

|�ϕ (αf )〉AB = 1√
2

(|H 〉A|αf 〉
B

+ eiϕ|V 〉A|−αf 〉
B

), (1)

where ϕ is a relative phase factor. The generation schematic
diagram is depicted in Fig. 1. Two resources are needed in the
scheme: one is a polarization entangled photon pair, |χ〉12 =

1√
2
(|H 〉1|V 〉2 + |V 〉1|H 〉2), and the other is a superposition of

coherent states (SCS), |SCSϕ (αi )〉3 = Nϕ (|αi〉3 + eiϕ|−αi〉3),
where Nϕ = (2 + 2 cos ϕe−2|αi |2 )−1/2 is the normalized coef-
ficient.

We design two sets of interferences with perpendicular
polarizations to overcome the polarization obstacle. One
photon of the polarization entangled photon pair enters a
polarized beam splitter to separate its H and V polarization
components into two spatial modes. The polarization
displacement operations are performed on the two modes as

D4H (
√

R
2 αi )D5V (

√
R
2 αi )(|1〉1H |0〉4|1〉5V + |1〉1V |1〉4H |0〉5)/√

2, and the subscripts “H” and “V” denote the polarization
of the displacement operations and optical field state. The
polarization of the input SCS state is definite, which is
assumed to be H polarized. Passing through BS1 with a
small reflectivity R, a coherent state |α〉3H is transformed into
|√Rα〉6H |√T α〉BH, where T = 1 − R is the transmissivity
of BS1. Then the reflected coherent state |√Rα〉6H is split

into |
√

R
2 α〉7H |

√
R
2 α〉8H by a 50:50 beam splitter BS2. A

half wave plate is used to change the polarization of the
light in mode 6 from H to V, so the state |SCSϕ (αi )〉3H

is changed into Nϕ (|
√

R
2 αi〉

7H
|
√

R
2 αi〉

8V
|√T αi〉BH +

eiϕ |−
√

R
2 αi〉

7H
|−

√
R
2 αi〉

8V
|−√

T αi〉BH).

To entangle the polarization qubit and the SCS state, the
displaced part of |χ〉12 is interfered with the reflected part of
|SCSϕ (αi )〉3. The interferences with H and V polarization are
carried on 50:50 beam splitters BS4 and BS3, respectively.
After interference the state is evolved to

|ψϕ〉 = Nϕ

2
{|H 〉A|

√
T αi〉B[|0〉9|

√
Rαi〉10|1〉11|

√
Rαi〉12 + |0〉9|

√
Rαi〉10|0〉11D12(

√
Rαi )|1〉12]

+ eiϕ |H 〉A|−
√

T αi〉B[|
√

Rαi〉9|0〉10D11(
√

Rαi )|1〉11|0〉12 + |
√

Rαi〉9|0〉10|
√

Rαi〉11|1〉12]

+ |V 〉A|
√

T αi〉B[|1〉9|
√

Rαi〉10|0〉11|
√

Rαi〉12 + |0〉9D10(
√

Rαi )|1〉10|0〉11|
√

Rαi〉12]

+ eiϕ |V 〉A|−
√

T αi〉B[D9(
√

Rαi )|1〉9|0〉10|
√

Rαi〉11|0〉12 + |
√

Rαi〉9|1〉10|
√

Rαi〉11|0〉12]}. (2)

Four single-photon detectors are used to detect the output fields
of the two sets of interferences. When the projection operator
is chosen as∏

= IA ⊗ |0〉〈0|9 ⊗ |1〉〈1|10 ⊗ |1〉〈1|11 ⊗ |0〉〈0|12 ⊗ IB,

(3)
the resulting density operator of the hybrid entanglement state
between field modes A and B is

ρ = T r9,10,11,12
[∏ |ψϕ〉〈ψϕ|]

〈ψϕ| ∏ |ψϕ〉 = |�ϕ (αf )〉〈�ϕ (αf )|AB, (4)

where αf = √
T αi . From the analysis we can see that the ideal

entangled state (1) can be generated by using this scheme.
The success probability to herald the generation of hybrid
entanglement is

P ϕ = 〈ψϕ|
∏

|ψϕ〉 = N2
ϕ

2

(
1

T
− 1

)
α2

f e−2( 1
T

−1)α2
f . (5)

Obviously, the success probability is relative to the hybrid
state size αf and the BS1 transmissivity T. We calculate the
success probability in terms of αf and T, as shown in Fig. 2.
In the range of αf � 2, the success probability increases with
decrease of T. For a given αf , the success probability can be
maximized to 4.6% when αf is large enough. As is done in
Ref. [28], we can choose the other measurement operation∏′ = IA ⊗ |1〉〈1|9 ⊗ |0〉〈0|10 ⊗ |0〉〈0|11 ⊗ |1〉〈1|12 ⊗ IB , and
obtain a corresponding hybrid entanglement state |ψ ′〉AB =

1√
2
(|V 〉A|αf 〉

B
+ eiϕ|H 〉A|−αf 〉

B
). So the total probability is

P
ϕ

tot = 2P ϕ .

III. EXPERIMENTAL REALITY

A. Inefficient on-off single-photon detectors

In the above analysis, the quantum efficiencies of the
single-photon detectors are assumed to be unity. However,
the quantum efficiency of the detector is imperfect under
current technology. Considering quantum efficiency, the “n
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FIG. 2. Success probability of the polarized hybrid state in terms
of its amplitude αf and BS1 transmissivity T .

photons measurement event” by a single-photon detector can
be described by the operator

Ê(n)
η =

∞∑
m=0

Cm
n+mηn(1 − η)m|n + m〉〈n + m|, (6)

where η is the quantum efficiency of detectors. The projection
operator (3) is changed to

�η = IA ⊗ Ê
(0)
η,9 ⊗ Ê

(1)
η,10 ⊗ Ê

(1)
η,11 ⊗ Ê

(0)
η,12 ⊗ IB

=
∞∑

p=0

∞∑
q=0

∞∑
s=0

∞∑
t=0

qsη2(1 − η)p+q+s+t−2

× |p〉9|q〉10|s〉11|t〉12〈t |12〈s|11〈q|10〈p|9. (7)

The corresponding density operator of the heralded state is

ρη = T r9,10,11,12
[∏

η|ψϕ〉〈ψϕ|]
〈ψϕ|∏η|ψϕ〉 . (8)

The fidelity and success probability are

Fϕ
η = AB〈ψϕ |ρη|ψϕ〉AB = 1

2

[
1 + e−2(1−η)( 1

T
−1)α2

f

]
(9)

and

P
ϕ
η,tot = 2〈ψϕ|

∏
η

|ψϕ〉 = N2
ϕη2

(
1

T
− 1

)
α2

f e−2η( 1
T

−1)α2
f ,

(10)
respectively.

Now most commercial single-photon detectors cannot dis-
tinguish photon number, that is, the on-off detector. The
detector will click, whether one photon is detected or multiple
photons are detected. The “on” event of the on-off detector can
be described by the operator

Êon
η = 1−

∞∑
m=0

(1 − η)m|m〉〈m|, (11)

where Êoff
η = ∑∞

m=0 (1 − η)m|m〉〈m| describes the event that
no photon has been detected. Accordingly, the projection

operator (3) is rewritten as

�on−off
η = IA ⊗ Êoff

η,9 ⊗ Êon
η,10 ⊗ Êon

η,11 ⊗ Êoff
η,12 ⊗ IB

=
∞∑

p=0

∞∑
q=0

∞∑
s=0

∞∑
t=0

(1 − η)p+t [1 − (1 − η)q]

× [1 − (1 − η)s]|p〉9|q〉10|s〉11|t〉12〈t |12

×〈s|11〈q|10〈p|9. (12)

The corresponding density operator of the heralded state is

ρon−off
η = T r9,10,11,12

[∏on−off
η |ψϕ〉〈ψϕ |]

〈ψϕ| ∏on−off
η |ψϕ〉 . (13)

The fidelity is

F on−off
η = AB〈ψϕ|ρon−off

η |ψϕ〉AB

= 1

2

[
1 + η

(
1
T

− 1
)
α2

f

e
(2−η)

(
1
T

−1
)
α2

f − e2(1−η)( 1
T

−1)α2
f

]
. (14)

The success probability is

P on−off
η,tot = 2〈ψϕ |

∏on−off

η
|ψϕ〉

= N2
ϕη

[
e−η( 1

T
−1)α2

f − e−2η( 1
T

−1)α2
f

]
. (15)

Figure 3 shows the fidelity and success probability as a
function of detection efficiency η and hybrid state size αf .
The imperfect detection efficiency η degrades the fidelity and
reduces the success probability, while the large amplitude αf

brings down the fidelity and increases the success probability
(in the range of αf � 7). In the case of photon-number-
resolving detectors, the fidelity of the generated hybrid state

FIG. 3. (a), (c) Fidelity and (b), (d) success probability as a
function of hybrid state size αf and detection efficiency η. The
photon-number-resolving and on-off detectors are used in the upper
and lower figures, respectively.
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can be close to unity as long as the detection efficiency is high
enough at a given value of αf . In the case of on-off detectors,
the fidelity will be limited by the amplitude αf . If one wants
the fidelity to be greater than 99%, the amplitude αf must be
less than 2. Since on-off detectors cannot resolve the number
of photons, the large amplitude αf increases the chances of
producing multiphoton states. So the large amplitude αf causes
the error probability increase and limits the fidelity.

B. Resources under realistic conditions

An odd SCS [Nπ (|α〉 − |−α〉)] can be approximated by
a photon-subtracted squeezed state, which has been demon-
strated experimentally [29–32]. Under the basis of photon
number states, a photon-subtracted squeezed state is expressed
as

|ϕss〉 =
∞∑

n=0

(tanh s)n
√

(2n + 1)!

(cosh s)
3/22nn!

|2n + 1〉, (16)

where s is the squeezing parameter. The fidelity between a
photon-subtracted squeezed state and an odd SCS is [33,34]

Fα,s = 2α2eα2(tanh s−1)

(cosh s)3(1 − e−2α2 )
. (17)

For a given α, the fidelity is maximized when s satisfies

s = arccosh

(√
1

2
+ 1

6

√
9 + 4α4

)
. (18)

When the resources of photon-subtracted squeezed state
|ϕss〉3 and polarization entangled photon pair |χ〉12 are used
as input state, after interfering on BS3 and BS4 the state is
evolved to

|ψss〉 = 1√
2
e
− R

2 |αi |2
∞∑

k=0

∞∑
m=0

∞∑
n=0

2n+1∑
q=0

2n+1−q∑
l

l∑
e=0

2n+1−q−l∑
g=0

(tanh s)n
√

(2n + 1)!
(√

R
2 αi

)k+m

(−1)2n+1−q−e−gκ

(cosh s)3/22nn!
√

k!
√

m!

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

+|H 〉A|q〉B
k∑

f =0

m+1∑
h=0

√
1
2 (m + 1)Cf

m+1C
h
k |l − e + f 〉9|e + k − f 〉10|2n+ 1 − q − l − g + h〉11|g + m + 1 − h〉12

−|H 〉A|q〉B
k∑

f =0

m∑
h=0

√
R
2 αi

∗
√

1
2 (m + 1)Cf

m+1C
h
k |l − e + f 〉9|e + k − f 〉10|2n+ 1 − q − l − g + h〉11|g + m − h〉12

+|V 〉A|q〉B
m+1∑
f =0

k∑
h=0

√
1
2 (m + 1)Cf

m+1C
h
k |l − e + f 〉9|e + m + 1 − f 〉10|2n+ 1 − q − l − g + h〉11|g + k − h〉12

−|V 〉A|q〉B
m∑

f =0

k∑
h=0

√
R
2 αi

∗
√

1
2 (m + 1)Cf

m+1C
h
k |l − e + f 〉9|e +m − f 〉10|2n+ 1 − q − l − g + h〉11|g + k − h〉12

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(19)

where κ =
√

C
q

2n+1T
qR2n+1−qCl

2n+1−qC
e
l C

g

2n+1−q−l (
1
2 )

4n+2−2q+m+k
, and the value of αi =

√
3
2 sinh 2s is the equivalent amplitude

of approximate SCS, which can be deduced from formula (18). The amplitude of the generated hybrid entanglement state can

be expressed as αf =
√

3
2T sinh 2s when a photon-subtracted

squeezed state is used as input. Generally a squeezed vacuum
state is produced from an optical parametric oscillator (OPO).
The squeezing parameter s depends on the pump parameter
which is the ratio of the pump power to the threshold of the OPO
cavity [35,36]. Hence one can adjust the pump power to control
the squeezing parameter s, and then change the amplitude αf .
By using on-off detectors to herald the generation of the hybrid
state, the density operator of the heralded state is

ρon−off
ss = T r9,10,11,12

[∏on−off
η |ψss〉〈ψss |

]
〈ψss |

∏on−off
η |ψss〉

. (20)

The fidelity is calculated as

F on−off
ss = AB〈ψϕ|ρon−off

ss |ψϕ〉AB, (21)

where the amplitude of the ideal hybrid state is taken to be√
T αi . The success probability is

P on−off
ss,tot = 2〈ψss |

∏on−off

η
|ψss〉. (22)

Figures 4(a) and 4(b) show the fidelity F on−off
ss and the suc-

cess probability P on−off
ss,tot as a function of equivalent amplitude

αi of approximate SCS. The black solid line in Fig. 4(a) is
the maximized fidelity Fαi,s

between a SCS and a photon-
subtracted squeezed state. The dots, triangles, and squares
in Figs. 4(a) and 4(b) denote fidelity F on−off

ss and success
probability P on−off

ss,tot for T = 0.99, 0.95, and 0.90, respectively.
For a small amplitude αi , fidelity can be maintained at a very
high level, and the BS1 transmissivity has little influence on it.
The fidelity F on−off

ss with αi = 0.7 is 0.998, 0.993, and 0.988 for
T = 0.99, 0.95, and 0.90, respectively. The curves of F on−off

ss

have the same trend as those of Fαi,s
which decreases rapidly

with αi . The fidelity F on−off
ss with T = 0.99 varies from 0.99 to

0.86 by increasing αi from 1 to 2. The success probability can
be improved by one order of magnitude by changing the BS1
transmissivity from 0.99 to 0.90. So by choosing proper BS1
transmissivity one can acquire high fidelity and large heralding
probability at the same time for a small amplitude αi .

In quantum optical experiment, a polarization entangled
photon pair is usually produced by a spontaneous parametric
down conversion process (SPDC). The state from a SPDC
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FIG. 4. (a) Fidelity and (b) success probability as a function
of equivalent input amplitude αi of approximate SCS. A photon-
subtracted squeezed state is used to approximate a SCS. The black
solid line in (a) represents maximized fidelities between SCSs and
photon-subtracted squeezed states. The BS1 transmissivities are 0.99
(red dots), 0.95 (blue triangles), and 0.90 (pink squares), respectively.

process can be given by the expression

|SPDCλ〉 =
√

1 − λ2(|φ0〉12 + λ|φ1〉12 + λ2|φ2〉12 + · · ·
+ λn|φn〉12 + · · · ), (23)

where λ is the interaction strength and |ϕn〉12 =
1√
1+n

∑n
m=0 |m〉1H |n − m〉1V |n − m〉2H |m〉2V . In addition

to the polarization entangled photon pairs |φ1〉12(|χ〉12),
the SPDC source also contains a vacuum state
|φ0〉12 = |0〉12, two-photon state |φ2〉12 = 1√

3
(|2〉1V |2〉2H +

|1〉1H |1〉1V |1〉2H |1〉2V + |2〉1H |2〉2V ), and multiphoton state
|φn〉12(n � 3). Because λ is small in the SPDC source, we
only consider |φ0〉, |φ1〉, and |φ2〉, and all items |φn〉(n � 3)
are thrown away in the following discussion.

If the input state in field modes 1 and 2 is a vacuum
|φ0〉, the output of port A is also a vacuum. If the input
state is |φ2〉, the output of port A is a two-photon state.
Obviously, in both cases, the coincidence count of single-
photon detectors will lead to a mistake for the generation of
hybrid entanglement (1).Therefore, by using a SPDC source
to generate polarization entangled photon pairs, the effective
fidelity can be approximated written as

F eff
SPDC = P1

λ−2P0 + P1 + λ2P2
F on−off

ss (24)

where P0, P1, and P2 are the success probabilities using |ϕ0〉,
|ϕ1〉, and |ϕ2〉 as the input states, respectively.

We calculate the fidelity as a function of interaction strength
λ2, as shown in Fig. 5. In the calculation, the BS1 transmissivity
is 99%. The curves i, ii, iii, and iv in Fig. 5(a) represent the
effective fidelity for αf ≈ 0.7, 1.0, 1.2, and 1.5, respectively,

FIG. 5. Effective fidelity as a function of interaction strength
λ2 for different hybrid state size αf (a) and for different detection
efficiency η (b). (a) The hybrid state size αf ≈ 0.7, 1.0, 1.2, and 1.5
for the lines i, ii, iii, and iv, respectively. (b) The detection efficiency
η = 0.9, 0.7, 0.5, and 0.3 starting from the top, respectively. The BS1
transmissivity is 0.99 for both (a) and (b).

by taking detection efficiency η = 0.7. For a given αf , there
is an optimal value of λ2 to maximize the effective fidelity.
For αf ≈ 0.7, the peak effective fidelity is 95.1% with λ2 =
6.5×10−4. By increasing the amplitude αf from 0.7 to 1.5,
the peak effective fidelity decreases from 95.1 to 74.6%. In
Fig. 5(b) we show the effective fidelity for different detection
efficiencies. The maximized effective fidelity reduces from
95.2 to 94.8% when the detection efficiency varies from 0.9 to
0.3. So detection efficiency has little effect on effective fidelity.

C. Dark count noise of single-photon detectors

The generation of the hybrid entanglement state is heralded
by performing coincidence measurement on the single-photon
detectors. Due to the intrinsic probabilistic of hybrid state
generation and small appearance probability of polarization
entangled photon pairs in a SPDC source, the heralding
probability of the hybrid state is considerably low. The dark
counts of single-photon detectors will inevitably degrade the
fidelity of the heralded hybrid state.

Considering dark counts of a single-photon detector, the
“on” event of the on-off detector with quantum efficiency η

can be described as the operator [37]

Êon
η,ν = Î − Êoff

η,ν (25)

where ν is the dark count rate, and Êoff
η,ν =

e−ν
∑∞

m=0 (1 − η)m|m〉〈m| is the operator describing the
“off” event of the detector. The projection operator (3) can be
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TABLE I. Success probabilities of P0ν , P1ν , and P2ν for different
dark count rates. The squeezing parameter s = 0.161 (αi = 0.7), BS1
transmissivity T = 0.99, and detection efficiency η = 0.7.

ν P0ν P1ν P2ν

0 2.75×10−8 1.91×10−3 8.21×10−2

10−7 2.86×10−8 1.91×10−3 8.21×10−2

10−6 3.84×10−8 1.91×10−3 8.21×10−2

10−5 1.37×10−7 1.92×10−3 8.21×10−2

10−4 1.14×10−6 1.98×10−3 8.22×10−2

expressed as

�on−off
η,ν = IA ⊗ Êoff

η,ν,9 ⊗ Êon
η,ν,10 ⊗ Êon

η,ν,11 ⊗ Êoff
η,ν,12 ⊗ IB

=
∞∑

p=0

∞∑
q=0

∞∑
s=0

∞∑
t=0

e−2ν (1 − η)p+t [1 − e−ν (1 − η)q]

× [1 − e−ν (1 − η)s]|p〉9|q〉10|s〉11|t〉12

×〈t |12〈s|11〈q|10〈p|9. (26)

The effective fidelity can be approximated by the following
expression:

F eff
SPDC,ν = P1

λ−2P0ν + P1ν + λ2P2ν

F on−off
ss (27)

where P0ν , P1ν , and P2ν are the success probabilities with dark
counts when |φ0〉, |φ1〉, and |φ2〉 are used as input states, respec-
tively. By using the projection operator the heralding probabil-
ities can be acquired, for example, P1ν= 2〈ψss |

∏on−off
η,ν |ψss〉.

Next, we will examine the effect of dark counts on the
probabilities of P0ν , P1ν , and P2ν . Under the condition of s =
0.161, T = 0.99, and η = 0.7, we calculate the probabilities
for different dark count rates, and the results are shown in
Table I. When dark count rate ν increases from 10−7 to 10−4,
P1ν increases slightly, P2ν basically remains unchanged, while
P0ν increases by one order of magnitude. So we can infer
that the influence of the dark counts on P0ν is the main
reason for the degradation of effective fidelity. The maximized
effective fidelities with optimal interaction strength λ2 are also
calculated for different dark count rates, as shown in Fig. 6. The
black dots are the maximized effective fidelities F eff

SPDC without

FIG. 6. Effective fidelity as a function of dark count rate for dif-
ferent squeezing parameters and BS1 transmissivities. The detection
efficiency is 0.7.

dark counts. If the dark count rate is small enough (ν < 10−6),
the effective fidelity F eff

SPDC,ν is almost not affected by the dark
counts. With a higher squeezing parameter or a lower BS1
transmissivity, the effective fidelity has a better tolerance for
the dark counts. A high squeezing parameter means a large
mean photon number in the photon-subtracted squeezed state,
which results in large P0. So the influence of the dark count on
P0ν is small, and the fidelity decreases slowly with the increase
of the dark count. Similarly, in the case of a lower transmissiv-
ity, a larger fraction of the photon-subtracted squeezed state is
reflected and participates in interference, which also results in
higher p0 and makes effective fidelity insensitive to the dark
counts. When the squeezed parameter is 0.161 (αf ≈ 0.7) and
the BS transmissivity is 0.95, the effective fidelity is 0.92 with a
dark count rate of 10−5. When the squeezed parameter is 0.313
(αf ≈ 1), the effective fidelity can be maintained at more than
0.85 with a dark count rate of 10−5.

IV. CONCLUSIONS

We propose an experimentally feasible scheme to real-
ize hybrid entanglement between a polarization qubit and a
coherent state. Two sets of interferences with perpendicular
polarizations are designed to erase which path information. The
joint outputs of the two sets of interferences are used to herald
the generation of the hybrid state. We calculate success proba-
bility and fidelity of the heralded hybrid state under imperfect
experimental conditions, including inefficient on-off single-
photon detectors and available approximate resource states. In
addition, we consider the effect of the dark count rate of detec-
tors on the fidelity. Under the actual experimental condition,
the fidelity of the heralded state can reach 0.92 with a squeezed
parameter of 0.161 (αf ≈ 0.7) and dark count rate of 10−5.

The hybrid state is obtained from a photon-subtracted
squeezed state, and its amplitude is related to the squeezing
parameter s which can be controlled by the pump power of
the OPO cavity in experiment. In our scheme the amplitude of
the generated hybrid state with high fidelity is small. This is
largely due to two reasons.

(1) A photon-subtracted squeezed state is used as the
approximate source, which can be treated as a SCS with high
fidelity for small amplitude of coherent state (α � 1.2).

(2) The on-off single-photon detectors limit the fidelity of
the generated hybrid state with large amplitude. No matter how
much the detection efficiency is, the fidelity of the generated
hybrid state will not exceed 0.99 with αf � 2.

To acquire the hybrid entanglement state with large ampli-
tude, one should first produce SCS with large amplitude, which
can be realized by amplifying SCS [33,38] or a “cat breeding”
operation [39,40]. In addition, photon number resolving single-
photon detectors must be used to herald generation of the
hybrid state.
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