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Abstract: Continuous-variable position-momentum entanglement (or Einstein-Podolsky-Rosen
entanglement) of two particles has played important roles in the fundamental study of quantum
physics as well as in the progress of quantum information. In this paper, we propose a
scheme to generate Einstein-Podolsky-Rosen (EPR) position-momentum entangled photon pairs
efficiently via spontaneous four-wave mixing (SFWM) process in a hot rubidium gas cell. The
EPR entanglement between the photon pair is measured and characterized by using the ghost
interference and the ghost imaging method. Due to the simplicity of the experimental setup
and the high photon pair generation rate, our EPR entangled photon source may has potential
applications in quantum imaging, hyperentanglement preparation and atomic ensemble based
quantum information processing and quantum communication protocols.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Einstein-Podolsky-Rosen (EPR) entanglement was initially proposed in an attempt to argue the
incompleteness of quantum theory [1]. This EPR gedanken experiment involved two particles
that are entangled in their positions and momenta such that the product of variance of position
difference and variance of momentum sum violates the Heisenberg inequality. Although initially
proposed for the position-momentum variable, studies on continuous variable bipartite EPR
entanglement have largely involved in measuring the field quadratures [2-7]. EPR entanglement
has been well studied in recent years not only for better understanding of quantum physics but
also for its potential applications in the fields of quantum imaging, quantum metrology and
quantum computation [8—12], etc.

Genuine position and momentum EPR entangled photons were firstly generated by spontaneous
parametric down-conversion (SPDC) process in crystals [16—19]. Later it was shown that position
and momentum entangled photons with narrow bandwidth can be generated via spontaneous
four-wave mixing (SFWM) in cold atom ensembles [20]. The atoms inside the crystals and cold
atomic ensembles are almost motionless, which makes them ideal mediums to generate position
and momentum entangled photons since the quality of photon entanglement will not be degraded
by the atomic motion. But the SPDC photon’s bandwidth is too broad to be directly utilized
in light-atom interaction based quantum communication protocols while the cold atom system
is bulky and difficult to operate. Recently, photon pairs generated via SFWM in hot atomic
ensembles [21-24] attracted lots of attention due to easy realization and the narrow bandwidth
features. Whether the hot atomic gas cell is able to generate high quality position and momentum
EPR entangled photon pairs has not been reported yet.
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In this paper, we exhibit the first experimental realization of high brightness EPR entangled
photon pairs via ladder type SFWM in a hot 8’Rb gas cell. The EPR position momentum
entanglement is verified by quantum ghost interference and ghost imaging method [18,20], and
the results show that the biphotons satisfy the inseparability criterion as well as the EPR steering
criterion. The photon’s bandwidth is much narrower than the SPDC source and the experimental
requirements are greatly simplified compared with cold atom system, hence our position and
momentum EPR entangled photon source can be widely applied to the atomic ensemble based
quantum information processing and quantum communication protocols [13—15].

2. Experimental results and discussions

The experimental setup is shown in Fig. 1. The vertically polarized pump and coupling beams
counter propagate through a 20 mm long 3"Rb vapor cell, which is heated to 65 °C. The pump
beam (780 nm, wp) is blue detuned from [5S; 2, F = 2) — |SP3, F’ = 3) by 1 GHz, while the
coupling beam (776 nm, w,) is red detuned from |5P3/2, F = 3) - |5D5/2, F"” = 4) by 1 GHz.
The w, and w, here are both collimated beams with 1/ ¢? beam diameters of 1700 um. The
powers are 1.3 mW for wp and 12 mW for w. beam. The horizontally polarized anti-Stokes
photons (776 nm, w,s) and Stokes photons (780 nm, ws) are collected with an angle of 1.2°
relative to wp and w.. SFWM with this energy level scheme can generate photon-pair source
with high brightness comparable to that of SPDC while the photon bandwidth is much narrower
than SPDC [25,26]. Figure 2 is the measured coincidence counts between w,s and wg photons,
which shows that the maximum cross correlation function Gﬁl(T) can reach up to 11,000 with
60 s collection time (the time resolution of our coincidence detection system is 162 ps). The
full width at half maximum (FWHM) of Gﬁ?s(f) from Fig. 2 is about 2 ns, corresponding to the
biphoton bandwidth of 500 MHz. Photon pair’s generation rate is estimated as 6,000 pairs/s
(considering all of the losses terms, i. e. the total fiber-fiber coupling efficiency of 70%, the filters
transmission efficiency of 80% and single photon counting module detection efficiency of 50%).
The EPR entanglement between the photon pair is measured and characterized by using the ghost
interference and the ghost imaging method [18,20], which will be exclusively described below.
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Fig. 1. Sketch of experimental setup. EPR position-momentum entanglement photon pairs
are generated via ladder type SFWM in a 20 mm long 37Rb atomic gas cell. Dashed inset:
profile of an effective double slit when a collimated Gaussian beam passes through 1 mm
plastic block. (SMF, single mode fiber; FC, fiber collimator; PBS, polarizing beam splitter;
HWP, half-wave plate; L, lenses with focal length of f; = 300 mm; L, lens with focal
length of f = 35 mm; X3 is the transverse position of SMF33).

Classical momentum-correlated or position-correlated photon pairs can realize ghost interfer-
ence or ghost imaging, but it is impossible to obtain both with the same prepared photon pair
state due to the uncertainty principle [18]. So in this paper we verify that our photon pairs are
EPR entangled by observing high visibility ghost interference and high contrast ghost imaging.

Ghost interference and ghost imaging have been studied extensively in recent years [28—-30].
Generally, when the paired photons are used for observing ghost interference or ghost imaging,
one photon passes through an object and is collected by a bucket detector with no spatial
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Fig. 2. The coincidence counts between w,s and ws photons with 60 s collection time. The
horizontal coordinate is the relative time delay between w,s and ws photons and vertical

coordinate is the cross correlation function Gg?s(‘r).

resolution, while the other photon is recorded by another detector with spatial resolution in the
near field or far field. Coincidence counts between this two detectors will reveal ghost imaging
or ghost interference.

Before the experiment we align the optical path with a coherent Gaussian beam, which comes
out from SMF; and is collimated by FC;. An opaque plastic block with 1 mm width is attached
to the center of FC;, which is equivalent to an effective double slit when the collimated Gaussian
beam passes through it. A narrow vertical slit with 0.4 mm width attached to the center of FC,
and together with SMF, are mounted on a translation stage (TS), which compose the ghost
imaging measurement setup. The SMF3 fixed on the other TS is used for ghost interference
measurement. The center of the atomic vapor cell is located at the focus of the two lenses L.
FC;, FC; and L; are also placed at the focus of the lenses L. Hence these two L; can form a 4-f
system and the double slit can be imaged from FC; to the positions of FC, and L,. So if the
optical path is aligned well, a clear classical image of the double slit can be obtained by scanning
the ghost imaging measurement setup. We record the relative intensity collected by SMF, against
the transverse position of the ghost imaging measurement setup, as shown inside the dashed label
in Fig. 1 with black dots. The red line is the theoretical curve from the product of the opaque
plastic block and Gaussian envelope, which clearly reveals a profile of double slit. Also, a double
slit interference pattern should be observed by scanning the SMFj3 at the focus of L.

After this step we start on the ghost interference and ghost imaging measurement. The w,, and
w. beams here are both collimated with 1/ €2 diameters of 1700 Um. wys photons are collected
by FC; after passing through the block and coupled into the fixed SMF; on Alice’s side while
ws photons go to Bob’s direction. A HWP and a PBS on Bob’s side decide whether to conduct
ghost interference (HWP at 45°) or ghost imaging (HWP at 0°) measurement. For the ghost
interference experiment, wg photons are coupled into SMF3 which is scanned at the focus of
L,. The normalized coincidence counts between w,s and wg photons are recorded against the
transverse position X, with 60 s collection time, as shown in Fig. 3(a). The result shows a
clear ghost interference pattern. For the ghost imaging measurement, w,s photons are collected
by SMF, and the normalized coincidence counts between w,s and ws photons are recorded
against the transverse position X; with 80 s collection time, as shown in Fig. 3(e). The ghost
imaging result reveals the profile of the effective double slit. Observation of high visibility
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ghost interference and high contrast ghost imaging confirms that our photon pairs are EPR
position-momentum entangled.
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Fig. 3. Experimental results for ghost interference (a)-(d) and ghost imaging (e)-(h). The
1/ &2 pump beam diameter at the center of the vapor cell from (a)-(d) and (e)-(h) is 1700 um,
1000 pm, 500 pm, 330 um, respectively. Each point of the experimental data is accumulated
of 60(80) s for the ghost interference (ghost imaging) measurement. The black dots are
normalized coincidence counts after subtracting the uncorrelated noise while the red curves
come from theoretical fitting.

Basically large pump beam size can guarantee high quality of EPR entanglement. But in real
situations small experimental beam size is helpful for spatially filtering noise, increasing light
intensity or for other purposes such as [32]. So we also check the influence of beam size on
the EPR entanglement performance by changing the pump beam waist to 1700 um, 1000 pm,
500 pm and 330 um while fixing the coupling beam size at 1700 ym. The results are shown
in Fig. 3(a)-3(d) and 3(e)-3(h) for ghost interference and ghost imaging respectively. From
the results we can see that the quality of ghost interference and ghost imaging drops with the
decrement of pump beam size, but all the results show clear ghost interference and ghost imaging
patterns.

In the following we will compare the results with theoretical fitting. For the ghost interference
and ghost imaging measurement, the normalized coincidence counts can be calculated by [20,27]

- e s Aacfi - fio o \F
GA(x,) = ‘/dKA-dKaS8+ (%) E- (K] /2)7-( K) exp (—Z—Ks -xa) (1)
2n f2
2% s s & N - Aasf1 o > Ws 2 :
Go(Xp) = | [ disdRasEs (1K) E- (K- /2) T | = = Kas | X 6| Ks = ——Xp (2)
bs cfi
Here &, are Gaussian envelopes with standard deviations o.. K+ = Ky + K, represent the wave

vectors. 7~ ()?0) is the object transfer function of the double slit.

In the ideal case, supposing the pump and coupling beams are plane waves such that
&, (Ik.]) = 6 (k) and &_ (JZ_]) = 1. Then G@(X,) is simplified as |‘7~~ [(1/f2) [5;,]|2, which is
the Fourier transform of the object transfer function and exhibits an interference envelop. While
G? (}?b) is proportional to |T(—}?b)|2 and reveals the shape of the double slit. But under the real
experimental conditions, pump beam waist has finite size such that &, (|&,|) E_ (|X_| /2) # 6 (K.).
Hence the ghost interference and ghost imaging results, which depend on o, and o—, will suffer
deviations from the ideal cases. Thus the values of o and o can be obtained by fitting the
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coincidence envelops of the non-ideal ghost interference and ghost imaging with theory. Then
the uncertainty of the total momentum sum Ap, = A(Ps + Pas) = ho/ V2 and the uncertainty of
the position difference Ax_ = A(¥as — %) = 0! /V2 can be calculated correspondingly.

The ideal EPR-entangled photon pairs, suchas Ax_ = A (X5 — Xs) = 0Oand Apy = A (Ps + Pas) =
0, are impossible to be obtained under real experimental conditions. Basically, biphotons are
EPR entangled if they satisfy the inseparability criterion

((Ax)?) ((ap2)?) <B? (3)
Another striker criterion to judge whether the EPR paradox occurs is the EPR steering criterion
((Ax)*) ((Apa)?) <?/4 @)

Quantum correlations can be classified into different regimes by this two criterions, as has been
shown in [31].

By fitting experimental data in Fig. 3(a)-3(h) with the theory we can obtain the corresponding
values of ((Ax_)*) ((Ap-)*), which are shown in Table 1. From Table 1, we can see that with
the decrease of pump beam size, ((Ax,)2> <(Ap+)2> in unit of /2 declines both in the ghost
interference and ghost imaging cases. But all the results satisfy the inseparability criterion in Eq.
(3) as well as the EPR steering criterion in Eq. (4). This confirms that the photon pairs generated
by SFWM in the hot atomic vapor cell are EPR position-momentum entangled. The outcomes
also show that under certain focused pump beam size, EPR position-momentum entanglement
still exists. This property can be combined with [32] to generate versatile photon pairs.

Table 1. <(Ax_)2> <(Ap+)2> in unit of /2 with different pump beam size

Pump size (um) 1700 1000 500 330
Ghost interference 0.0011 0.0069 0.0204 0.0232
Ghost imaging 0.0004 0.0016 0.0025 0.0077

3. Conclusion

In conclusion, we demonstrate a scheme to efficiently generate EPR position-momentum entangled
photon pairs via ladder type SFWM in the hot vapor cell. The EPR entanglement between the
photon pair is measured and characterized by using the ghost interference and the ghost imaging
method. By fitting the experimental data with theory we show that our EPR entangled photon pair
source satisfies the inseparability criterion as well as the EPR steering criterion. We also study the
influence of pump beam size on the EPR entanglement properties. Such EPR entangled photon
pair source can have high brightness comparable to that of SPDC while the photon bandwidth is
much narrower than SPDC [25]. The system size and operating difficulty based on hot atoms are
greatly simplified compared with cold atoms [20,33]. Our EPR entangled photon pair source
may have potential applications in quantum imaging, continuous-variable (CV) entanglement
based quantum teleportation, quantum key distribution and light-atom interaction based quantum
communication protocols. Besides, EPR entanglement can be combined with other degrees of
freedom entanglement [34-37] to generate hyper-entanglement state, which may have broad
applications in quantum information processing.
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