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Generation of hybrid entanglement between a single-photon polarization qubit and a coherent state
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We propose a scheme to generate entanglement between a single-photon qubit in the polarization basis and a
coherent state of light. The required resources are a superposition of coherent states, a polarization entangled pho-
ton pair, beam splitters, the displacement operation, and four photodetectors. Even when realistic detectors with
a limited efficiency are used, an arbitrarily high fidelity can be obtained by adjusting a beam-splitter ratio and the
displacement amplitude at the price of reducing the success probability. Our analysis shows that high fidelities may
be obtained using on-off detectors with low efficiencies and available resource states under current technology.
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I. INTRODUCTION

Entangled light fields have been extensively explored
as tools for testing quantum mechanics and resources for
quantum information processing. An intriguing challenge in
this subject is to entangle different types of states of light
such as microscopic and macroscopic states or wavelike and
particlelike states [1-10]. Some of those states have been
found useful for quantum information applications [11-14].
Recently, hybrid entanglement between a single photon in
the polarization basis and a coherent state was found to be
particularly useful for loophole-free Bell inequality tests [12],
deterministic quantum teleportation, and resource-efficient
quantum computation [13]. It was also shown that this type
of hybrid entanglement can be purified using linear optical
elements and the parity check gates [15]. While single photons
are regarded as nonclassical states as light quanta, coherent
states are considered to be classical states as their P functions
are well defined [16] and they are robust against decoherence as
“pointer states” [17]. In this regard, the hybrid entanglement is
closely related to Schrodinger’s Gedankenexperiment, where
the fate of a classical object, the cat, is entangled with the state
of a single atom [18].

Very recently, approximate implementations of hybrid
entanglement between a qubit of the vacuum and single photon
and a qubit of coherent states were demonstrated using the
photon addition and subtraction techniques [9,10]. The state
explored in Ref. [9] was in the form of |0)|«) + |1)|—«)
while a similar state of (|0) + |1))|a) + (]0) — |1))|—a) was
approximately demonstrated in Ref. [10], where |0) is the
vacuum, |1) is the single photon, and |t«) are coherent states
of amplitudes +«. However, the state required to perform the
aforementioned applications in Refs. [12,13] was in fact in the
form of |H)|a) + |V)|—«a); i.e., the first mode should be in
a definite single-photon state in the horizontal (H) or vertical
(V) polarization. This type of hybrid entanglement, despite its
usefulness, cannot be generated using the photon addition or
subtraction as performed in Refs. [9,10] because the first mode
should be in a single photon state with definitely one photon.
In principle, a cross-Kerr nonlinear interaction can be used
to generate the required form of hybrid entanglement [19,20],
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but it is a highly demanding task to achieve a clean nonlinear
interaction using current technology [21-24].

In this article, we suggest a nondeterministic scheme to
generate the desired form of hybrid entanglement between
a single-photon polarization qubit and a coherent-state field.
Our scheme requires a superposition of coherent states (SCS),
|ae) + |—or) [25-29], and a polarization entangled photon pair,
|H)|V) + |V)|H), as resources, in addition to beam splitters,
the displacement operation, and four photodetectors. We find
that even when inefficient detectors are used, an arbitrarily high
fidelity can be obtained by adjusting a beam-splitter ratio and
the displacement amplitude. Our proposal is experimentally
feasible using a squeezed single photon (or a squeezed
vacuum state) as a good approximation of an ideal SCS [30].
Remarkably, reasonably high fidelities may still be obtained
using on-off detectors with low efficiencies and available
resource states under current technology.

II. GENERATION SCHEME

We aim to generate the optical hybrid state

[Wylay))ap = %('I'”A'af)B + e |V)al—ays)p), (1)
where |£a ) p are coherent states in the field mode B and ¢ is
a relative phase factor. As discussed in Ref. [31], this type of
state shows obvious properties as macroscopic entanglement
when « is sufficiently large. For example, it is straightforward
to show that the measure 7 as a macroscopic superposition [32]
for this state has its maximum value 7 = a2 + 1, i.e., the
average photon number of the state. A classification of hybrid
entanglement was attempted [33], according to which the
state in Eq. (1) is categorized as a discrete-variable-like
hybrid entanglement. This type of entanglement was also
characterized by a matrix Wigner function in the context of
trapped ions [34].

In order to generate the hybrid entanglement, as shown in
Fig. 1, we first need to prepare a polarization entangled photon
pair and a SCS as

1%)12 ® [SCSy(@))3. ©)
where )2 = (H}IV )2+ [V)i[H)2)/N2 and
ISCSy(@))s = Ny(lai)s + € |—a;)3),  with N, =

(2 + 2729 cos )~1/2. We suppose that «; and « are
real without losing generality throughout the article. A
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FIG. 1. (Color online) Generation scheme for hybrid entangle-
ment. The beam-splitter reflectivity  and the amplitude «; of the
SCS determine the amplitude +/ro; of the displacement operation.

beam splitter of transmissivity ¢ (reflectivity r =1 — 1)
splits a coherent state |«) into | /7a)|+/ft). The unbalanced
beam splitter in Fig. 1 thus transforms |SCS,(e;)); into
|Vraialv/te;) g + €91 —/ra;)sl—/ta;)p. At the same
time, the displacement operation is performed on mode 2 as
Dy(\/rai)(|H)alV)2 + V)4l H)2). where D(a) = e®d'~",
and a' and & are the creation and annihilation operators. The
state after the beam splitter and the displacement operation
can be expressed as

[D4(vra)Dp(N1a;) + €' Dy(—~/ra;)) Dp(—~/te;)]
@Dy (Vray)@l yal, +al,al,)10)110)2100410)5,  (3)

in terms of operators acting on the vacuum states.
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A 50:50 beam splitter as shown in Fig. 1 is then used
to mix the reflected part of |SCS,(w;))3 (mode 4) and the
displaced part of |x);» (mode 2) in order to erase “which
path” information. The unitary matrix corresponding to the
beam splitter can be represented as

dg\ cos& —ie?sing \ (ds
<&5) - <—ie‘“" sin & cos& ) (&2) > @

where we choose & = /4 and ¢ = /2 to model the
50:50 beam splitter. The operators of modes 2 and 4
are then transformed as da, — (as + dg)/ V2 and a4 —
(—ds + d6)/~/2, respectively, and it is also straightforward
to show Da(a)Da(B) — Dsl(—a + B)/~/2]Dsl( + B)V2I.
After passing through a 50:50 beam splitter, the operators for
modes 2 and 4 evolve as

—«Hﬂ)D<oz+,8>&;+agA
N AN ﬁ(’s)

where A indicates the polarization direction, H or V. By taking
a = +/ra; and B = /ra;, only one of the displacement
operators survives with amplitude +/2re; in modes 5 and 6,
while operators in the other modes, a4 and dg, remain the
same. Using Egs. (3) and (5), we find the state right before
reaching the polarizing beam splitters (PBSs) in Fig. 1 as

Du(«)Dy(B)a), — Ds(

N, .
1Y,) = 7“’[|H>AD6<@ai)<|V>s|0>6 +10)sI V)6Vt g + €| H) 4 Ds(¥2ra; )(IV)510)6 4 10)51V)6)| — V7o)

+ V) aDs(v2ra;)(|H)s|0)s + 10)s|H)o)INTai) g + €| V) A Ds(v2ra )(|H)s|0)6 + [0)s| H)6)|—v7ei) ] (6)

The final step is to measure two single photons, one for mode 5
and the other for mode 6, in different polarizations. The first
measurement operator can be expressed as

IT=14®10)0lsz @ [1){1lsv @ [1)(Il6z ® [0){Oley ® 1.
(7

The second and third terms of Eq. (6) are excluded by the
conditioning measurement I1. It produces to the ideal hybrid
state as

_ Trse[Hllﬂw)(WI]
(Yo lIT|y)

where @y = +/ta;. The success probability to obtain the hybrid
state is

PY = (Y [TT|9,)

1 1 2
_ N2(1 _ 2 —2(1-ne? _ a2 2 2 ,—2(1-1a
= N(p(l Haje =N (t 1>ozf 7.

= [Wolap))(Wylep)las,  (8)

¢

€))
The success probability for a given value of «; can be
maximized by taking # = 1 — 1/(2a?) with the hybrid state

size ay = +/a? — 1/2. In this case, P approaches 1/(8¢) ~
4.60% when the initial amplitude ¢; is large enough.

(

The other measurement event of IT' =1, ® [1){l]|syg ®
10)(0]sy ® [0)(0]sxr ® |1)(1]6y @ 15 results in the bit-flipped
hybrid states |V)alos)p + €?|H)a|l—af)p. It can be con-
verted to the target state by performing a simple bit-flip
operation on mode A or a w-phase shift on mode B. The
total success probability is therefore P, = 2P¢. We can also
change the relative phase of | x ) ;» in order to change the relative
phase ¢ of the generated hybrid state.

III. EXPERIMENTAL CONSIDERATIONS

A. Detection inefficiency and vacuum mixtures

We need to consider effects of imperfect photodetectors
that may lower the fidelity between the generated hybrid state
and the ideal one. An imperfect photodetector with quantum
efficiency n can be expressed as a positive operator-valued
measurement,

o0
R n+m
) = Z( )”"(l—n)’”|n+m)<n+m|, (10)
m
m=0

in the photon number basis. The total measurement operator
for our scheme described in Fig. 1 then becomes

My =1a®E)sy ® £y @ B oy ® Eygy @15, (1)
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FIG. 2. (Color online) Fidelity (solid curves) and total success
probability (dashed curves) of the hybrid entangled state | W, (0t f)) ap
for the beam-splitter transmissivity . The amplitude of the target
hybrid state is assumed to be oy = 1, and four cases are plotted with
detection efficiencies n = 0.7, 0.8, 0.9, and 0.99 (starting from the
bottom).

and the heralded state is given by
oy = Trse[I1,[,) (Yol]
T Wl Tlv)

In the case of imperfect detection, the fidelity and the success
probability can be calculated as

12)

—2(1—n) (L =12
‘FWZAB(\I"(p|py’|\Il¢)AB=%(1+e 2(1 77)(, ])Olf)

; (13)

and

PYio = 2(, [T, | Yr,) = 2N£n2<; - 1)0[;6—2«,'—”“3-,
(14
respectively. The fidelity and the success probability of the
heralded state depend on 7, oy, and . We emphasize that
as shown in Eq. (13), even if the detection efficiency 7 is
limited, the hybrid state can be generated with an arbitrarily
high fidelity by taking ¢+ — 1. The cost to obtain a high fidelity
is to tolerate a low success probability which becomes zero as
the fidelity reaches unity. Figures 2 and 3 show the fidelity and
the success probability by changing various parameters.
In a real experiment, the polarization entangled photon pair
| x )12 used for our scheme may be mixed with the vacuum state
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FIG. 3. (Color online) (a) Fidelity and (b) total success probabil-
ity for state | W (cts)) ap in terms of its amplitude (o ;) and detection
efficiency (). The transmissivity of the beam splitter is assumed to
be t = 0.99.
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|0}1, for modes 1 and 2. The effective form of such a mixed
state is

Py = z(x ) {(x D12 + (1 — 2)(10) (012, (15)

where 0 < z < 1. Remarkably, the vacuum component can
be filtered by the conditioning measurement I[1. When states
[0)12 ® [SCSy(e;))3 are initially prepared, the states for
modes 5 and 6 will become |+/2ra;)s|0)¢ or |0)s|v/2ra;)e
before the heralding measurement [see Eq. (6)], and one of
the modes will not contain any photons. Therefore, there is no
chance to get the successful measurement event (i.e., single-
photon measurement on both modes 5 and 6). Meanwhile,
the success probability decreases by factor z as the procedure
starting with the vacuum state always fails.

B. Use of approximate resource states

The SCSs required as resources for our scheme have been
experimentally demonstrated while their fidelities and sizes
are more or less limited [25-29]. As an example, it has been
shown that a photon-subtracted squeezed state (or equivalently,
a squeezed single photon [35]) well approximates an ideal
SCS, |SCS, (o)) « |a) — |—a), for relatively small values of
o [30,36], and its experimental demonstrations have been
reported [25,26,28,29]. A squeezed single-photon state in the
Fock basis is

S(S)H) — Z (tanhs)ll \/m

16
(coshs)3/2  2np! (16)

|2n 4 1),
n=0

where 8(s) = e~¢/2@=4") anq s is the squeezing parameter.
Its fidelity to an ideal state |SCS, («)) is

2 o’(tanhs—1)
,  2ave

 (coshs)3(1 — =27

)
For example, squeezing parameters s = 0.161 and 0.313
approximate |SCS; («;)) with amplitudes «; = 0.7 and 1 with
fidelities F = 0.9998 and 0.997, respectively [30]. We choose
these two values for our investigation.

We note that for a small squeezing parameter s, it is
sufficient to reduce the state (16) in the number basis with an
appropriate cutoff number, n, for our numerical calculations.
For example, the amplitude ratio of n = 7ton = 0 of state (16)
is less than 0.0005 for s = 0.313 (and even smaller for
s = 0.161), thus we take the cutoff number n., = 7, where the
actual photon number cutoff is 2n¢y + 1 = 15 from Eq. (16).
We can also model the beam splitter of transmissivity ¢
(r =1 —1) in the photon number basis, which transforms
incoming modes i and j into outgoing modes i’ and j' as

Fla,s) = [{SCS(@)|8(s)[1)]

n m
In)ilm); = >3 " Bpglp+m—qliln—p+q)y, (18)
P4

where B, = [([”))("q“)tp+qr”+m_”_"]1/2(—1)”"’. Numerical
calculations using ng,; and the beam-splitter model in the
photon number basis are applied in order to calculate the
fidelity and the success probability with approximate resource
states. Figure 4 shows that the squeezing parameter of
s =0.161 (s = 0.313) and the vacuum portion of z =0.5
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FIG. 4. (Color online) (a), (c) Fidelity and (b), (d) total success
probability for state |W,(cs))4p using photon-subtracted squeezed
states as approximate SCSs. The squeezing parameters used to obtain
the photon-subtracted squeezed states are s = 0.161 (upper figures)
and s = 0.313 (lower figures). The transmissivity is = 0.9 (dot-
dashed lines), ¢t = 0.99 (dashed lines), and t = 0.999 (solid lines),
respectively. The vacuum portion of the polarization entangled pair
isassumed tobe 1 — z = 0.5.

result in the fidelity of the heralded hybrid entanglement
with fidelity F > 0.996 (F > 0.986) and amplitude o, ~
0.7 (s ~ 1.0) by taking transmissivity > 0.99 and assuming
realistic detector efficiency n > 0.4. We emphasize that the
two chosen amplitudes here, ay ~ 0.7 and oy ~ 1.0, for
hybrid entanglement were suggested as the best values for a
loophole-free Bell test [12] and for the hybrid-qubit quantum
computation [13], respectively. The success probability of the
conditioning measurement with ¢ = 0.99 varies from Py =
10~* to P,y &~ 1073 by increasing the detection efficiency 7
from 0.4 to 1.

In order to investigate a degree of entanglement for the
heralded hybrid states, we evaluate negativity of the partial
transpose [37-39], E(p) = ||p™|| -1 = -2 > iA;, where
pT+ is the partial transpose of p and A; are its negative
eigenvalues. The degree E(p) ranges from O to 1, while an
ideal hybrid state of @ > 1 resultsin E(p) & 1. The degrees of
entanglement are E(p) = 0.922 [E(p) = 0.982] for squeezing
parameters s = 0.161 (s = 0.313) by takingr = 0.99,z = 0.5,
and n = 0.7. The entanglement degrees can be compared with
those of the ideal hybrid states with ay = 0.7 and ay = 1.0,
ie., E(p) = 0.927 and E(p) = 0.991, respectively.

C. Imperfect on-off detectors and SPDC sources

An on-off photodetector (e.g., avalanche photodiode) typi-
cally used in a laboratory does not distinguish between a single
photon and two or more photons. Furthermore, a realistic
polarized photon pair generated by spontaneous parametric
down conversion (SPDC) contains undesired vacuum and
higher-order terms in addition to state |y ).

On-off photodetection changes the conditioning measure-
ment of Eq. (11) to

-off 7~(0) 7~ (click) 7> (click) 7(0)
H?]no = ]lA ® Er],SH ® En,SlV ® En,GH ® Er],GV ® 13, (19)
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where E€iK = 1 — £O =3 11 — (1 — )"]|m)(m|. The
polarization entangled state created by SPDC can be repre-
sented by |SPDC, ) = exp(§ K} + £*K_)|0) 12, where K, =
&ITH&;V + &IV&M and K_ = 121 with the squeezing parame-
ter £. The state can be simplified as

[o.¢]
ISPDC,) = V1 =223 A"[®) 1.
n=0

(20)

where A = tanh |£| is the interaction strength and |®,), =
(n+ D7V _Jim)igln —m)iy|n —m)ay|m)yy [40]. In
this case, the probability ratio for |®,) has an order of O(A*").
Note that |®g) is the vacuum state and |®;) = |x). The total
success probability of the final heralding measurement using
the SPDC source then becomes

Pt = (1 = AD)[Puac + A2 Pjyy + 14 Poyy + OA9],  21)

where Py, Pj,), and P,y are success probabilities when
the input state was the vacuum, |x), and |®,), respectively.
Generally, A in the SPDC source has a small value so that
higher order terms can be neglected. We shall ignore O(1°) in
the following calculations.

The input state of | x ) is the only desired state for generating
the hybrid entanglement and apparently successful heralding
measurements of all the other input states will degrade the
fidelity of the generated state. The fidelity F.¢ of the finally
generated state under these more realistic conditions is

(1 —AZ)AZPW}_
Ptol
~ Py
AT2P + Py + )\2P|¢2)

Fett =

F. 22)

We calculate Py,, Py, and P|¢,) using the numerical method
in the number basis as explained in the previous section.
We plot the final fidelities Fs for several choices of on-off
detection efficiencies 1 and the beam-splitter transmissivity
t = 0.99 in Fig. 5. Remarkably, the fidelities are insensitive to
inefficiency 7 of the on-off detectors even though it reduces
the success probabilities of the scheme. The fidelities are
reasonably high for large regions of experimentally relevant
values of the interaction strength A. For example, we can obtain
the hybrid state of a y = 0.7 and Fr ~ 0.939 using the SPDC
source of A = 2.2 x 1072 and a squeezed single-photon state
of s = 0.161 with on-off detectors of 50% efficiency, while
the success probability is reduced to Py = 5.1 x 1077, As
another example, the hybrid state of &y = 1 and Fegr ~ 0.842
can be generated using the SPDC source of A = 3.8 x 1072
and a squeezed single-photon state of s = 0.313 with the on-
off detectors of 50% efficiency while the success probability
is Po = 2.4 x 107°. Figure 5 shows that the fidelities are
still reasonably high even when the detection efficiency is
as low as 10%. We also note that dark counts during the
heralding detection process may be another factor to degrade
the final fidelity, and photodetectors with ultralow dark count
rates compared to quantum efficiency [41-45] may be used for
high fidelities. On the other hand, we expect that the effects of
dark counts may be limited at a reasonable level using current
technology as done for this type of experiment [9,10].
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IV. REMARKS

We have suggested a scheme to generate hybrid entan-
glement between a single-photon qubit and a coherent state
qubit. Unlike previous proposals [8—10], our scheme enables
one to generate the exact form of hybrid entanglement, without
approximation, required for resource-efficient optical hybrid
quantum computation [13] and loophole-free Bell inequality
tests [12]. The required resources are a SCS, an entangled
photon pair, the displacement operation, four photodetectors,
and beam splitters. Even when photodetectors with limited
efficiencies are used, hybrid entanglement with an arbitrarily
high fidelity can be generated at the price of a lower success
probability. We have also analyzed fidelities of the generated
states when a SPDC source, an approximate SCS, and on-off
detectors with low efficiencies are used for the scheme. Even
under these realistic assumptions, hybrid entanglement with
high fidelities may be obtained. According to our analysis,
experimental implementation of our scheme seems feasible
using current technology despite some expected experimental
imperfections.

ACKNOWLEDGMENTS

This work was supported by the National Research Foun-
dation of Korea (NRF) through a grant funded by the Korean
government (MSIP) (Grant No. 2010-0018295). H. K. was
supported by the Global Ph.D. Fellowship Program through
the NRF funded by the Ministry of Education (Grant No. 2012-
003435).

[1] F. De Martini, Phys. Rev. Lett. 81, 2842 (1998).

[2] F. De Martini, F. Sciarrino, and C. Vitelli, Phys. Rev. Lett. 100,
253601 (2008).

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

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

[5] R. Ghobadi, A. Lvovsky, and C. Simon, Phys. Rev. Lett. 110,
170406 (2013).

[6] N. Bruno, A. Martin, P. Sekatski, N. Sangouard, R. T. Thew,
and N. Gisin, Nat. Phys. 9, 545 (2013).

[7]1 A. 1. Lvovsky, R. Ghobadi, A. Chandra, A. S. Prasad, and
C. Simon, Nat. Phys. 9, 541 (2013).

[8] U. L. Andersen and J. S. Neergaard-Nielsen, Phys. Rev. A 88,
022337 (2013).

[9] H. Jeong, A. Zavatta, M. Kang, S.-W. Lee, L. S. Costanzo,
S. Grandi, T. C. Ralph, and M. Bellini, Nat. Photonics 8, 564
(2014).

[10] O. Morin, K. Haung, J. Liu, H. L. Jeannic, C. Fabre, and
J. Laurat, Nat. Photonics 8, 570 (2014).

[11] K. Park, S.-W. Lee, and H. Jeong, Phys. Rev. A 86, 062301
(2012).

[12] H. Kwon and H. Jeong, Phys. Rev. A 88, 052127 (2013).

[13] S.-W. Lee and H. Jeong, Phys. Rev. A 87, 022326 (2013).

[14] M. Stobiniska, F. Toppel, P. Sekatski, and A. Buraczewski, Phys.
Rev. A 89, 022119 (2014).

[15] Y.-B. Sheng, L. Zhou, and G.-L. Long, Phys. Rev. A 88, 022302
(2013).

[16] L. Mandel, Phys. Scr. T12, 34 (1986).

[17] W. H. Zurek, S. Habib, and J. P. Paz, Phys. Rev. Lett. 70, 1187
(1993).

[18] E. Schrodinger, Naturwissenschaften 23, 807 (1935).

[19] C. C. Gerry, Phys. Rev. A 59, 4095 (1999).

[20] H. Jeong, Phys. Rev. A 72, 034305 (2005).

[21] J. H. Shapiro, Phys. Rev. A 73, 062305 (2006).

[22] J. H. Shapiro and M. Razavi, New J. Phys. 9, 16 (2007).

[23] J. Gea-Banacloche, Phys. Rev. A 81, 043823 (2010).

[24] B. He and A. Scherer, Phys. Rev. A 85, 033814 (2012).

[25] A. Ourjoumtsev, R. Tualle-Brouri, J. Laurat, and P. Grangier,
Science 312, 83 (2006).

[26] J. S. Neergaard-Nielsen, B. M. Nielsen, C. Hettich, K. Mglmer,
and E. S. Polzik, Phys. Rev. Lett. 97, 083604 (2006).

[27] A. Ourjoumtsev, H. Jeong, R. Tualle-Brouri, and P. Grangier,
Nature (London) 448, 784 (2007).

[28] H. Takahashi, K. Wakui, S. Suzuki, M. Takeoka, K. Hayasaka,
A. Furusawa, and M. Sasaki, Phys. Rev. Lett. 101, 233605
(2008).

[29] T. Gerrits, S. Glancy, T. S. Clement, B. Calkins, A. E. Lita,
A.J. Miller, A. L. Migdall, S. W. Nam, R. P. Mirin, and E. Knill,
Phys. Rev. A 82, 031802(R) (2010).

[30] A.P.Lund, H. Jeong, T. C. Ralph, and M. S. Kim, Phys. Rev. A
70, 020101(R) (2004).

[31] H.Jeong, M. Kang, and H. Kwon, Opt. Commun. 337, 12 (2015).

012340-5


http://dx.doi.org/10.1103/PhysRevLett.81.2842
http://dx.doi.org/10.1103/PhysRevLett.81.2842
http://dx.doi.org/10.1103/PhysRevLett.81.2842
http://dx.doi.org/10.1103/PhysRevLett.81.2842
http://dx.doi.org/10.1103/PhysRevLett.100.253601
http://dx.doi.org/10.1103/PhysRevLett.100.253601
http://dx.doi.org/10.1103/PhysRevLett.100.253601
http://dx.doi.org/10.1103/PhysRevLett.100.253601
http://dx.doi.org/10.1103/PhysRevA.82.053814
http://dx.doi.org/10.1103/PhysRevA.82.053814
http://dx.doi.org/10.1103/PhysRevA.82.053814
http://dx.doi.org/10.1103/PhysRevA.82.053814
http://dx.doi.org/10.1103/PhysRevA.86.060301
http://dx.doi.org/10.1103/PhysRevA.86.060301
http://dx.doi.org/10.1103/PhysRevA.86.060301
http://dx.doi.org/10.1103/PhysRevA.86.060301
http://dx.doi.org/10.1103/PhysRevLett.110.170406
http://dx.doi.org/10.1103/PhysRevLett.110.170406
http://dx.doi.org/10.1103/PhysRevLett.110.170406
http://dx.doi.org/10.1103/PhysRevLett.110.170406
http://dx.doi.org/10.1038/nphys2681
http://dx.doi.org/10.1038/nphys2681
http://dx.doi.org/10.1038/nphys2681
http://dx.doi.org/10.1038/nphys2681
http://dx.doi.org/10.1038/nphys2682
http://dx.doi.org/10.1038/nphys2682
http://dx.doi.org/10.1038/nphys2682
http://dx.doi.org/10.1038/nphys2682
http://dx.doi.org/10.1103/PhysRevA.88.022337
http://dx.doi.org/10.1103/PhysRevA.88.022337
http://dx.doi.org/10.1103/PhysRevA.88.022337
http://dx.doi.org/10.1103/PhysRevA.88.022337
http://dx.doi.org/10.1038/nphoton.2014.136
http://dx.doi.org/10.1038/nphoton.2014.136
http://dx.doi.org/10.1038/nphoton.2014.136
http://dx.doi.org/10.1038/nphoton.2014.136
http://dx.doi.org/10.1038/nphoton.2014.137
http://dx.doi.org/10.1038/nphoton.2014.137
http://dx.doi.org/10.1038/nphoton.2014.137
http://dx.doi.org/10.1038/nphoton.2014.137
http://dx.doi.org/10.1103/PhysRevA.86.062301
http://dx.doi.org/10.1103/PhysRevA.86.062301
http://dx.doi.org/10.1103/PhysRevA.86.062301
http://dx.doi.org/10.1103/PhysRevA.86.062301
http://dx.doi.org/10.1103/PhysRevA.88.052127
http://dx.doi.org/10.1103/PhysRevA.88.052127
http://dx.doi.org/10.1103/PhysRevA.88.052127
http://dx.doi.org/10.1103/PhysRevA.88.052127
http://dx.doi.org/10.1103/PhysRevA.87.022326
http://dx.doi.org/10.1103/PhysRevA.87.022326
http://dx.doi.org/10.1103/PhysRevA.87.022326
http://dx.doi.org/10.1103/PhysRevA.87.022326
http://dx.doi.org/10.1103/PhysRevA.89.022119
http://dx.doi.org/10.1103/PhysRevA.89.022119
http://dx.doi.org/10.1103/PhysRevA.89.022119
http://dx.doi.org/10.1103/PhysRevA.89.022119
http://dx.doi.org/10.1103/PhysRevA.88.022302
http://dx.doi.org/10.1103/PhysRevA.88.022302
http://dx.doi.org/10.1103/PhysRevA.88.022302
http://dx.doi.org/10.1103/PhysRevA.88.022302
http://dx.doi.org/10.1088/0031-8949/1986/T12/005
http://dx.doi.org/10.1088/0031-8949/1986/T12/005
http://dx.doi.org/10.1088/0031-8949/1986/T12/005
http://dx.doi.org/10.1088/0031-8949/1986/T12/005
http://dx.doi.org/10.1103/PhysRevLett.70.1187
http://dx.doi.org/10.1103/PhysRevLett.70.1187
http://dx.doi.org/10.1103/PhysRevLett.70.1187
http://dx.doi.org/10.1103/PhysRevLett.70.1187
http://dx.doi.org/10.1007/BF01491891
http://dx.doi.org/10.1007/BF01491891
http://dx.doi.org/10.1007/BF01491891
http://dx.doi.org/10.1007/BF01491891
http://dx.doi.org/10.1103/PhysRevA.59.4095
http://dx.doi.org/10.1103/PhysRevA.59.4095
http://dx.doi.org/10.1103/PhysRevA.59.4095
http://dx.doi.org/10.1103/PhysRevA.59.4095
http://dx.doi.org/10.1103/PhysRevA.72.034305
http://dx.doi.org/10.1103/PhysRevA.72.034305
http://dx.doi.org/10.1103/PhysRevA.72.034305
http://dx.doi.org/10.1103/PhysRevA.72.034305
http://dx.doi.org/10.1103/PhysRevA.73.062305
http://dx.doi.org/10.1103/PhysRevA.73.062305
http://dx.doi.org/10.1103/PhysRevA.73.062305
http://dx.doi.org/10.1103/PhysRevA.73.062305
http://dx.doi.org/10.1088/1367-2630/9/1/016
http://dx.doi.org/10.1088/1367-2630/9/1/016
http://dx.doi.org/10.1088/1367-2630/9/1/016
http://dx.doi.org/10.1088/1367-2630/9/1/016
http://dx.doi.org/10.1103/PhysRevA.81.043823
http://dx.doi.org/10.1103/PhysRevA.81.043823
http://dx.doi.org/10.1103/PhysRevA.81.043823
http://dx.doi.org/10.1103/PhysRevA.81.043823
http://dx.doi.org/10.1103/PhysRevA.85.033814
http://dx.doi.org/10.1103/PhysRevA.85.033814
http://dx.doi.org/10.1103/PhysRevA.85.033814
http://dx.doi.org/10.1103/PhysRevA.85.033814
http://dx.doi.org/10.1126/science.1122858
http://dx.doi.org/10.1126/science.1122858
http://dx.doi.org/10.1126/science.1122858
http://dx.doi.org/10.1126/science.1122858
http://dx.doi.org/10.1103/PhysRevLett.97.083604
http://dx.doi.org/10.1103/PhysRevLett.97.083604
http://dx.doi.org/10.1103/PhysRevLett.97.083604
http://dx.doi.org/10.1103/PhysRevLett.97.083604
http://dx.doi.org/10.1038/nature06054
http://dx.doi.org/10.1038/nature06054
http://dx.doi.org/10.1038/nature06054
http://dx.doi.org/10.1038/nature06054
http://dx.doi.org/10.1103/PhysRevLett.101.233605
http://dx.doi.org/10.1103/PhysRevLett.101.233605
http://dx.doi.org/10.1103/PhysRevLett.101.233605
http://dx.doi.org/10.1103/PhysRevLett.101.233605
http://dx.doi.org/10.1103/PhysRevA.82.031802
http://dx.doi.org/10.1103/PhysRevA.82.031802
http://dx.doi.org/10.1103/PhysRevA.82.031802
http://dx.doi.org/10.1103/PhysRevA.82.031802
http://dx.doi.org/10.1103/PhysRevA.70.020101
http://dx.doi.org/10.1103/PhysRevA.70.020101
http://dx.doi.org/10.1103/PhysRevA.70.020101
http://dx.doi.org/10.1103/PhysRevA.70.020101
http://dx.doi.org/10.1016/j.optcom.2014.07.012
http://dx.doi.org/10.1016/j.optcom.2014.07.012
http://dx.doi.org/10.1016/j.optcom.2014.07.012
http://dx.doi.org/10.1016/j.optcom.2014.07.012

HYUKJOON KWON AND HYUNSEOK JEONG

[32] C.-W. Lee and H. Jeong, Phys. Rev. Lett. 106, 220401 (2011).

[33] K. Kreis and P. van Loock, Phys. Rev. A 85, 032307 (2012).

[34] S. Wallentowitz, R. L. de Matos Filho, and W. Vogel, Phys. Rev.
A 56, 1205 (1997).

[35] A photon-subtracted squeezed state and a squeezed single
photon are equivalent up to a normalization factor as a5(s)|0) =
— sinh(s)8(s)(1) [30, 36].

[36] H. Jeong, A. P. Lund, and T. C. Ralph, Phys. Rev. A 72, 013801
(2005).

[37] A. Peres, Phys. Rev. Lett. 77, 1413 (1996).

[38] M. Horodecki, P. Horodecki, and R. Horodecki, Phys. Lett. A
223, 1 (1996).

[39] J. Lee, M. S. Kim, Y. J. Park, and S. Lee, J. Mod. Opt. 47, 2151
(2000).

PHYSICAL REVIEW A 91, 012340 (2015)

[40] P. Kok and B. W. Lovett, Introduction to Optical Quantum In-
Jformation Processing (Cambridge University Press, Cambridge,
UK, 2010).

[41] M. Akiba, K. Tsujino, K. Sato, and M. Sasaki, Opt. Express 17,
16885 (2009).

[42] L. Zhang, L. Kang, J. Chen, Y. Zhong, Q. Zhao, T. Jia, C. Cao,
B. Jin, W. Xu, G. Sun, and P. Wu, Appl. Phys. B 102, 867
(2011).

[43] C. Schuck, W. Pernice, and H. Tang, Sci. Rep. 3, 1893
(2013).

[44] H. Shibata, K. Shimizu, H. Takesue, and Y. Tokura, Appl. Phys.
Express 6, 072801 (2013).

[45] C. M. Natarajan, M. G. Tanner, and R. H. Hadfield, Supercond.
Sci. Technol. 25, 063001 (2012).

012340-6


http://dx.doi.org/10.1103/PhysRevLett.106.220401
http://dx.doi.org/10.1103/PhysRevLett.106.220401
http://dx.doi.org/10.1103/PhysRevLett.106.220401
http://dx.doi.org/10.1103/PhysRevLett.106.220401
http://dx.doi.org/10.1103/PhysRevA.85.032307
http://dx.doi.org/10.1103/PhysRevA.85.032307
http://dx.doi.org/10.1103/PhysRevA.85.032307
http://dx.doi.org/10.1103/PhysRevA.85.032307
http://dx.doi.org/10.1103/PhysRevA.56.1205
http://dx.doi.org/10.1103/PhysRevA.56.1205
http://dx.doi.org/10.1103/PhysRevA.56.1205
http://dx.doi.org/10.1103/PhysRevA.56.1205
http://dx.doi.org/10.1103/PhysRevA.72.013801
http://dx.doi.org/10.1103/PhysRevA.72.013801
http://dx.doi.org/10.1103/PhysRevA.72.013801
http://dx.doi.org/10.1103/PhysRevA.72.013801
http://dx.doi.org/10.1103/PhysRevLett.77.1413
http://dx.doi.org/10.1103/PhysRevLett.77.1413
http://dx.doi.org/10.1103/PhysRevLett.77.1413
http://dx.doi.org/10.1103/PhysRevLett.77.1413
http://dx.doi.org/10.1016/S0375-9601(96)00706-2
http://dx.doi.org/10.1016/S0375-9601(96)00706-2
http://dx.doi.org/10.1016/S0375-9601(96)00706-2
http://dx.doi.org/10.1016/S0375-9601(96)00706-2
http://dx.doi.org/10.1080/09500340008235138
http://dx.doi.org/10.1080/09500340008235138
http://dx.doi.org/10.1080/09500340008235138
http://dx.doi.org/10.1080/09500340008235138
http://dx.doi.org/10.1364/OE.17.016885
http://dx.doi.org/10.1364/OE.17.016885
http://dx.doi.org/10.1364/OE.17.016885
http://dx.doi.org/10.1364/OE.17.016885
http://dx.doi.org/10.1007/s00340-010-4234-0
http://dx.doi.org/10.1007/s00340-010-4234-0
http://dx.doi.org/10.1007/s00340-010-4234-0
http://dx.doi.org/10.1007/s00340-010-4234-0
http://dx.doi.org/10.1038/srep01893
http://dx.doi.org/10.1038/srep01893
http://dx.doi.org/10.1038/srep01893
http://dx.doi.org/10.1038/srep01893
http://dx.doi.org/10.7567/APEX.6.072801
http://dx.doi.org/10.7567/APEX.6.072801
http://dx.doi.org/10.7567/APEX.6.072801
http://dx.doi.org/10.7567/APEX.6.072801
http://dx.doi.org/10.1088/0953-2048/25/6/063001
http://dx.doi.org/10.1088/0953-2048/25/6/063001
http://dx.doi.org/10.1088/0953-2048/25/6/063001
http://dx.doi.org/10.1088/0953-2048/25/6/063001



