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Fig. 1. (color online) Schematic diagram of the exper-
iment [19]. One of the entangled photons is cloned by

quantum-injected optical parametric amplification.

S R PR A PR P 1) 1 R 5B e e
(SPDC) AR A — 3 A T4, JER T 04
BA ) ae = 27D (H)alV)s — [V)alH)p), 3

Phase rotator

i

Singlet source

@

SPD

K2 (WTIRE) M50k 5 ]
(PBS) LA AN BT 3R 2%
JEAR R, £

A, Baalxt G T RS R QIOPA K77
HRHerh — I T HEAT SRR, AT 37
—IETEZAGT M YE, R O A
Z)am =273 (189)8[10 )a — [0 )p[10)4 ),
&)
St 99) W [0°4) . REITA, TS
= (1 + 24)!(25)!
|9¥)p = i;()%j—i!j!

|20+ Vs (20)¢ s, (2)

37y = i": " (14 2i)!1(25)!

= ilj!
X< |20)¢: (27 + Do), (3)
ryir

Hopyy; = 0_2( 3 , C = cosh(g), I' =
tanh(g), g = xt 1M |pyp; g~ >ETHM‘YF§&7"JP, q, i
PN o, o ) Fock #&. # Alice X #2121 )%
FREAT AR £, AR B I 45 5 Bob i A 2
EIA IR E | B N R AR R S B e LA i VI A
B X AAETF IR A @ ot J5 1 161500 A
AN, |99)g A T AT MR T ¢ 710, (55
TN ot T, [091)p 5 |99)p IELFAH IR,
R IX PN IEAS A, S5 X 2 42 B A7
BT TR, EE B 2 M wT TR T
I3 E IR T A IR TE, 6T B4 B
QIOPA Hid #2748 aso, W (2) f1(3) af LA H,
AbF B INIPAN A EEL S o Mot AR T
5] (0, HRE T HUr A AR, &1 1148 By,
B2 IR, e mT LA |09t g 5 |09)p 45, FIE
DURMREE S 2 (1B 5 75k W 24 98 (147 1E

-zr
W

Photon counter(o)

Phase rotator

=

N

ph

Photon counter(co)

GG T X R — T RGBS A, oA AL e e 4% A i Ik 7 A%
% (SPD), AT LAEAE R 7 8 OB 2 EHRNDET A IR, oy B &l —A> TR ”
2T AL A i A BT IR, PRI B EOET IRIIES A B o T B

Fig. 2. (color online) A source produces an entangled photon pair in a polarization singlet state 11, Photon

A is detected in an arbitrary polarization basis with the help of the phase rotator,polarizing beam spliter,

and single-photon detectors. Photon B is amplified to a light beam, then detected by two phonton counters.
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Fig. 4. (a) The single photon creates the path entanglement by going through a beam splitter, one of the

paths is amplified to macro state by squeezing operation in phase space, the mac-micro entanglement is

transferred to mic-micro entanglement by de-squeezing operation, and then the micro state is probed using

single photon detectors to reveal the entanglement; (b) LO is the local oscillator beam of the homodyne
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Fig. 5. (color online) Here we use a Ti:sapphire pulsed laser to pumped PPLN crystal. Pairs of photons are generated by
type 1I spontaneous parametric down-conversion and separated by a polarizing beam splitter. One path is detected by
APD, and the other path becomes a heralded single photon source.The second PPLN crystal is pumped by a continuous
wave laser beam, the wave length of which is 1563 nm, generating a local oscillator (by means of pulsed coherent state)
through DFG, whose bandwidth is restricted by energy conservation to the bandwidth of the pump laser. The heralded
single photon creates a path entanglement by going through a beam splitter, which can be writed as Eq.(9). The
figure-8 shapes represents the entanglement between the two modes. One of the entangled paths interferes on a highly
unbalanced beam splitter (90/10) with the local oscillator, corresponding to a displacement operation on the HSP state.
The black line represents the strong light beam, then the strong light beam is de-displaced to single photon level and

detected by Bell states measurement device (217,
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Fig. 6. (color online) (a) HOM type interference between the heralded single photon in mode A and the local
oscillator that is used to displace it, two detectors are placed after the first 90/10 beam splitter in Fig.5 and their
coincidence count is recorded, the dip in the figure has a visibility of 23(4)%; (b) the lower bound on the concurrence
as a function of the mean photon number |a|?, and the inset shows the photon number probability distribution of

D(a)]0) and Dg(a)|1).
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Fig. 8. (color online) Photon number statistics of the
state in Bob’s channel that is conditionally prepared
by Alice’s quadrature measurement: (a) and (b) are
the mean and variance of the difference Ng — Ng be-
tween the signal beam and the reference beam, filled
circles correspond to the displacement in Bob’s chan-
nel along the same quadrature as Alice’s measurement;
for open circles the displacement and measurement are
in orthogonal quadratures; (c) histograms of Ny — Ny
conditioned on Alice’s measurement result within in-
tervals I, II, III shown in (a), (b) by shaded areas,
both solid and dashed line are theory predictions, the
solid line take the imperfections into account, while
the dashed has not.
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Abstract

Macro-micro entanglement originates from the “Schrodinger’s Cat” paradox. The paradox has been attracting the
interest of the physicists since it was proposed. “Schrodinger’s Cat” paradox is a thought experiment that entangles
a cat with some decay atoms, in which the entanglement between the macroscopic object and the microscopic atoms
is established. Mac-micro entanglement relates to some important problems in quantum physics. It is more likely to
interact with the surroundings for the quantum system as its size increases, which is the reason why we hardly observe
the macroscopic superposition state. Can the superposition state theory of quantum physics be used in macro domain?
Is there a limitation to the scale for the objects in the superposition states? These questions need studying and verifying
in experiment. In addition, the preparation of the macro-micro entanglement state provides a new possibility to study
the decoherence model.

Macro-micro entanglement can be realized in many physical systems, such as atomic ensembles, superconducting
circuits, electro-mechanical and opto-mechanical systems. Here in this paper we will introduce the development of
macro-micro entanglement in optical system. The initial approach to creating the macro-micro entanglement in the
context of optical system is quantum cloning by simulating the emission. Then the quantum-injected optical parametric
amplification is used to amplify single photon to a macroscopic level. Afterwards, the displacement in phase space is
proposed to create the macro-micro entanglement. Since the photon number of the macro-micro entanglement with
the optical parametric amplification approach can be about 10%, the studies towards the detection of this type of
entanglement with human eyes have been extensively conducted. But it is realized that the coarse-grained measurements,
such as those with the human eye, generally cannot judge whether macro-micro entanglement exists, and hence cannot
be used to prove the considered type of micro-macro entanglement. A way of overcoming this difficulty is to invert the
amplification process, bringing the macro system back to the micro level. The entanglement can then be verified by
using single-photon detectors. Because local operation and classical communication cannot create entanglement, the
de-amplification process will not increase the entanglement and the presence of the entanglement in the end shows that
entanglement is present between the amplification and de-amplification process. Inspired by this thought, two groups
create and verify mac-micro entanglement between one photon and 10® photons. What they used to amplify the micro
states is the displacement operation in phase space, which can be realized by combining a single photon state and a
coherent state with a highly asymmetric beam splitter. Because the entanglement is a precondition for a secure quantum
key distribution, and the macro-micro entanglement has more photons than the traditional micro entanglement, we will
discuss the possibility whether the macro-micro entanglement can be used in quantum key distribution and improve
the distance of the quantum key distribution. We point out that the mac-micro entanglement and the binary reverse
reconciliation continuous variable quantum key distribution protocol are the same in physics essence. We will introduce
a quantum key distribution scheme with two phase entangled coherent states. Although the security proof of the scheme

is not complete, it still provides us with the possibility to use the macro-micro entanglement in quantum key distribution.

Keywords: macro-micro entanglement, Schrodinger’s Cat, quantum key distribution, quantum cloning
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