PHYSICAL REVIEW A 84, 022301 (2011)

Beamlike photon pairs entangled by a 2 x 2 fiber
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Polarization-entangled photon pairs have been widely used as a light source of quantum communication.
The polarization-entangled photon pairs are generally obtained at the crossing points of the light cones that are
generated from a type-II nonlinear crystal. However, it is hard to pick up the photon pairs coming out from the
crossing points because of their invisible wavelength and low intensity. In our previous work, we succeeded in
generating polarization-entangled photon pairs by overlapping two light paths for the photon-pair generation.
The photon pairs could be entangled in all of the generated photon pairs without clipping the crossing points,
even with some difficulty in its alignment to overlap the two light paths. In this paper, we have developed an
optical system which generates polarization-entangled photon pairs using a beamlike photon pair, without the
difficulty in alignment. The measured results show that the photon pairs generated in the system are entangled in

their polarizations.
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I. INTRODUCTION

Polarization-entangled photon pairs have been widely
used to demonstrate quantum information protocols, such
as quantum teleportation and quantum key distribution [1].
As a relatively bright source, spontaneous parametric down-
conversion (SPDC) in a nonlinear crystal is generally used
to generate the polarization-entangled photon pairs. Photon
pairs generated by SPDC can also be entangled in a wave
vector to demonstrate quantum imaging [2,3], photonic de
Broglie wavelength measurement [4-6], two-photon inter-
ference [7,8], and quantum lithography [9-11]. Moreover,
nonlocal pulse shaping [12] and spectroscopy [13] have been
performed by SPDC photon pairs entangled in frequency [14].

Photon pairs generated by using a type-11 -BaB,0,4 (BBO)
crystal consist of a horizontally polarized photon and a
vertically polarized photon. Figure 1(a) shows a schematic
graph of the photon-pair generation. A CCD image of the
observed photon pairs is shown in Fig. 1(b). Photon pairs
are polarization entangled only at the crossing points of
the light cones; therefore polarization-entangled photon pairs
could be obtained by using a spatial filter to block other
photons, which do not pass through the crossing points. The
spatial filtering results in low production efficiency of the
polarization-entangled photon pairs. This is a general method
used to generate polarization-entangled photon pairs; however,
the photons out of the crossing points go to waste because they
have no polarization entanglement.

By adjusting the angle of the BBO crystal, the beamlike
photon pairs [15] can be generated as shown in Fig. 1(c).
Figure 1(d) shows a CCD image of the generated photon
pairs. In a previous paper by Ou and co-workers [16], the
polarization-entangled beamlike photon pairs were generated
by using two type-II BBO crystals.

Two rings of SPDC light cones were reported to be identical
in their intensities [17] when a cw laser was used as the pump
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source. In our present work, we generated SPDC light cones
using a femtosecond pulse laser and found that the intensities
are different for the ordinary photon and the extraordinary
photon. The difference between the previous works and our
present work can be explained as follows: When the narrow-
band cw laser is used as the pump source of SPDC photons,
the energy-conservation rule under the narrow-band excitation
requires the bandwidth of the ordinary photon to be exactly
equal to that of the extraordinary photon.

Meanwhile, when the broadband femtosecond laser gener-
ates SPDC photons, the broad bandwidth of the femtosecond
laser allows the bandwidth of the SPDC photons to be affected
by the phase-matching bandwidth of the BBO crystal. In
the type-II phase-matching condition, the phase-matching
bandwidth of the ordinary wave is much broader than that of
the extraordinary wave. The difference of the phase-matching
bandwidth in the type-II crystal is also applied for the pulse-
characterization technique of spectral-phase interferometry for
direct electric-field reconstruction (SPIDER) [18], which is
one of the most popular pulse-characterization methods for
ultrashort pulses. Therefore, SPDC photon pairs generated
by the femtosecond pulse laser have different bandwidths for
the ordinary photon and the extraordinary photon [19]. If the
SPDC photon pairs pass through narrow-band interference
filters, the bandwidth difference is observed as the intensity
difference of the transmitted photons. In our present work,
the CCD image was observed by putting the narrow-band
interference filter in front of the CCD to suppress noise. This
is the reason that the intensity of the CCD image was observed
to be different for the ordinary photon and the extraordinary
photon.

In our previous work [20], we developed a scheme to
generate beamlike photon pairs which demonstrate two-photon
interference and polarization entanglement. By rotating the
angles of quarter-wave plates in the light paths of the photon
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FIG. 1. (Color online) (a) and (c) The SPDC light cones when
they are overlapped and beamlike, respectively. (b) and (d) The CCD
images of the SPDC light cones of (a) and (c), respectively.

pairs, we could also generate polarization-entangled beamlike
photon pairs. This enabled us to make the polarization
entanglement for all of the photon pairs generated in the
crystal, without performing any spatial filtering. However,
the scheme involves a difficult alignment, which requires the
light paths of the two beamlike photon pairs to overlap. In
the present work, we have developed a scheme to generate the
polarization-entangled beamlike photon pairs by usinga 2 x 2
fiber which has no need for alignment.

II. EXPERIMENT

The schematic drawing of our experimental setup is shown
in Fig. 2. A Ti:sapphire oscillator (Spectra-Physics, model
Tsunami, 1.4 W, 100 fs, 80 MHz at 780 nm) was used to pump
a frequency doubler unit (Spectra-Physics, model 3980-4) and
generate a second-harmonic (SH) signal of 470 mW. The SH
beam pumps a 2-mm-thick type-II BBO crystal to generate the
photon pairs via the SPDC process. Each photon pair consists
of two photons whose polarizations are orthogonal to each
other. For the sake of convenience, the photon in each photon
pair whose polarization is horizontal is labeled as H, and the
one with vertical polarization is labeled as V. Generally, these
photons (H and V) of the SPDC pairs are emitted conically
from a point on the BBO crystal illuminated by the pump
beam [see Fig. 1(a)]. In this work, the angle of the crystal was
adjusted to generate the beamlike photon pairs as shown in
Fig. 1(c).

To generate the polarization entanglement, the beamlike
photon pairs are mixed by a 2 x 2 fiber (Thorlabs, FC830-
50B-FC). The position of the fiber coupler (FC) coupling
a horizontally polarized beamlike photon was adjusted to
make the optical path equal for the H photon and the V
photon, as shown in the next section. The polarizations of
the photons coming out from two ports of the 2 x 2 fiber
were analyzed by two linear polarizers, and their coincidence
was detected by a pair of single-photon counting modules
(PerkinElmer, SPCM-AQR-14), a time-to-amplitude converter
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FIG. 2. (Color online) Schematic drawing depicting how to
generate polarization-entangled photon pairs and mixed beamlike
photon pairs in a 2 x 2 fiber. OSC, Ti:sapphire laser oscillator; SHG,
second-harmonic generator (frequency doubler); BBO, 8-BaB,0O,
crystal; FC, fiber coupler.

(ORTEC, model 567), and a multichannel analyzer (ORTEC,
TRUMP-PCI-2k).

III. RESULTS AND DISCUSSION

A. Hong-Ou-Mandel dip measurements for path-length
adjustment

In Fig. 3(a), the position of the FC coupling a horizontally
polarized beamlike photon was adjusted to make the optical
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FIG. 3. (Coloronline) (a) Schematic drawing of the measurement
of the HOM dip for path-length adjustment. OSC, Ti:sapphire laser
oscillator; SHG, second-harmonic generator (frequency doubler);
BBO, B-BaB,0, crystal; M, mirror; FC, fiber coupler; HWP, half-
wave plate; IF, interference filter; SPCM, single-photon counting
module; Coincidence, instruments for coincidence measurement,
which consist of a time-amplitude converter and a multichannel
analyzer. (b) The HOM dip observed by scanning the position of
mirror M. Solid curves are the fitting results.
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path equal for the H photon and the V photon as follows: The
polarization of the V photon was rotated 90° by a half-wave
plate (HWP), which makes both photons in each photon pair
have the same polarization. The coincidence counts of the
parallel polarization photons are thought to exhibit a Hong-
Ou-Mandel (HOM) dip [8] when the path lengths of the two
photons are equal. The position of a mirror M was scanned to
observe the coincidence of the photons, which come out from
the 2 x 2 fiber. The coincidence counts clearly reveal the HOM
dip as shown in Fig. 3(b). The width of the HOM dip shows
the coherence length of the fields of the SPDC photons, which
corresponds to the inverse of the bandwidth of interference
filters (Semrock: LLO1-780-25, 3 nm) put in front of each FC.
Hereafter, the path length from the BBO crystal to each FC
was set to be equal by fixing the position of M at the bottom of
the HOM dip. The visibility of the observed HOM interference
was estimated as 94.0 &= 0.8%. It is comparable to the value
obtained in other relevant works [8,21].

B. Generation and measurement of polarization-entangled
photon pairs

We have fixed the positions of FC at the bottom of the
HOM dip as described in the previous section. By removing
the HWP from the setup shown in Fig. 3(a), the orthogonally
polarized photons are mixed by the 2 x 2 fiber and the
photons coming out from the two exits of the 2 x 2 fiber are
entangled in their polarization. The polarization entanglement
of the photons was estimated in the coincidence counts of the
photon pairs by rotating the angles of the polarizers (POLI
and POL2) between the 2 x 2 fiber and the single-photon
counting modules (SPCM). Figure 4(a) shows the setup for
the generation and measurement of the polarization-entangled
photon pairs. When the coincidence counts of the photon pairs
are measured by putting a linear polarizer in an optical path of
each photon of an Einstein, Podolsky, and Rosen (EPR) photon
pair [22], |[EPR) = 1/\/5(|HV) — |V H)), the probability of
the coincidence counting can be given as

(61 62) = Lsin?(@) — 6»), (1)

where 6; and 6, correspond to the angles of the two polarizers
put in the optical paths of the two photons. Similarly, the
coincidence probabilities for other angles can be given as

— L
01 + > 0, + 7| = 5sin 61 — 62), (2)
T o~ 1 )
01 + 7 0y) = 5 cos (61 — 6»), 3
= ]
<91 0, + Z> =5 cos?(6) — 6,). 4)

We define the value of E(0;,6,) as
(61 = 0+ )= 0> + )
(01 + 01+ $)02+ 02+ 7))

Equations (1)—(5) give E(6,,6,) = — cos 2(6; — 6,). Here, we
define a parameter S as

E(61,6,) = )

S = E(61,6,) — E(61,6,) + E6;.6,) + E(6,,6,).  (6)
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FIG. 4. (Color online) (a) Schematic drawing to generate
polarization-entangled photon pairs mixing beamlike photon pairs
in a 2 x 2 fiber. OSC, Ti:sapphire laser oscillator; SHG, second-
harmonic generator (frequency doubler); BBO, g-BaB,O, crystal;
FC, fiber coupler; POL1 and POL2, linear polarizers; IF, interfer-
ence filter; SPCM, single-photon counting module; Coincidence,
instruments for coincidence measurement, which consist of a time-
amplitude converter and a multichannel analyzer. (b) Normalized
coincidence counts observed as a function of 6, while fixing 6, at
0°, 45°, 90°, and 135°, where 6, and 0, are the angles of POL1 and
POL2, respectively. The solid and dashed lines are the fitting results.

By setting the angles as
) ) | , 0
91—92:—91+92:91—92:5(91_92)259 (7)
the parameter S can be expressed as

S = —3cosf + cos36 = 4cos*H — 6cosb. (8)

Therefore, the parameter S of the EPR photon pair has a
minimum value of —2+/2 and a maximum value of Zﬁ,
when 6 is 135° and 45°, respectively. If the generated photon
pairs are classical states, the parameter S satisfies |S| < 2,
which is called the Clauser, Horne, Shimony, and Holt (CHSH)
inequality [23]. Therefore, when S has a value larger than 2,
the state is an entangled state, which can never be described by
classical theory. In the following, we confirm that the photon
pairs generated in the setup shown in Fig. 4(a) are entangled in
their polarization, violating the CHSH inequality. Here, 6; and
6, correspond to the angles of the polarizers (POL1 and POL2,
respectively). We express the coincidence counts observed as
a function of 6, by fixing 6, at 0°, 45°, 90°, and 135° as

C()c = A()o(l - V()o COS 292), (9)
Cuse = Ause[1 — Viso cos 2(6, — 45°)], (10)
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Coo- = Agoe[1 — Voo cos 2(62 — 90°)], (11
Ci3se = Azse[1 — Vizse cos 2(6, — 135°)], (12)

respectively. The parameters A; and V; (i = 0°,45°,90°,135°)
represent amplitudes and visibilities, respectively, of the
curves of the coincidence counts. To confirm the violation
of the CHSH inequality, we set (61,0,,0,6,) = (22.5°, —
22.5°,0°, —45°) to satisfy Eq. (7) for 6 = 45°. Using Eqs. (9)—
(12), the parameter S defined in Egs. (5) and (6) can be
expressed as

Ao Voo + Agge Voor
S:—ﬁ( 0° Voo + Aogpe Voo

Age + Agoe

Ayso Viso + Aqsse V135°>
Agse + Agzse '

13)

Figure 4(b) shows the coincidence counts of the photons
observed by fixing an angle of POL1 (6;) at 0° (solid thin
line), 45° (dashed thin line), 90° (solid thick line), and 135°
(dashed thick line) and rotating the angle of POL2 (6,) from
0° to 360° in 10° increments. The measured result estimated
the parameters as (Ag-,A4s0, Agge, Aj3se) = (0.51 £ 0.01,0.49
+0.01,0.45 £ 0.01,0.49 £ 0.01) and (Vie, Viase, Vooe, Vizse)
= (0.93 £ 0.02,0.88 £ 0.03,0.96 4 0.04,0.9 £ 0.02), which
gives S =2.59+0.08. This confirms that the generated
state is highly entangled in polarization and violating the
CHSH inequality by more than 7(= |2.59 — 2|/0.08) standard
deviations. The CHSH Bell inequality is reported to be violated
by over 22 standard deviations in the relevant work [24]. In
the present work, the low event rate of SPDC resulted in a
large value of the standard deviation, which results in less
violation of the CHSH Bell inequality. It would be improved
by increasing the pump power and replacing the optics with
better-performing ones in order to increase the event rate. The
standard deviation can also be suppressed by improving the
mechanical stability of the optical setup.

In the present work, we have demonstrated that our method-
ology can generate polarization-entangled photon pairs. How-
ever, the enhanced rate of emission was not noticeable. It is
thought to be caused by the loss of four fiber couplers around
two polarizers [see Fig. 4(a)]. This problem will be solved
if the 2 x 2 fiber is replaced with a 2 x 2 fiber which has
two built-in polarizers. Another possible way to enhance the
rate is by replacing the pump source. If we use a high-power
narrow-band cw laser as the pump source, the number of
photon pairs increases, and the spectrum bandwidths are
equalized between the ordinary photon and the extraordinary
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photon. This will help to improve the coincidence count rate
of the photon pairs transmitting through the narrow-band IF.

IV. CONCLUSION

In our previous work [15], we developed a scheme to
generate polarization-entangled beamlike photon pairs which
demonstrates two-photon interference and polarization entan-
glement. By rotating the angles of quarter-wave plates in
the light paths of photon pairs, we could also generate the
polarization-entangled beamlike photon pairs. However, the
scheme involves a difficult alignment, which requires the light
paths of the two beamlike photon pairs to overlap. In the
present work, we have developed a scheme to generate the
polarization-entangled beamlike photon pair by using a2 x 2
fiber which has no necessity for alignment. A type-II BBO
crystal was used to generate the beamlike photon pair, which
consists of two orthogonally polarized photons.

To entangle the photon pair at the crossing point of the
2 x 2 fiber, the difference between the optical path lengths
from the BBO crystal to the crossing point of the 2 x 2 fiber
should be much smaller than the coherence length of the
generated photons. Therefore, the mirror M was used to adjust
the position corresponding to the valley of the HOM dip, after
making all of the polarizations of the photons parallel by using
the half-wave plate [see Fig. 3(a)].

After the path-length adjustment, the polarizations of the
photons are set to be orthogonal again by rotating the HWP,
and the polarization-entangled photon pairs are obtained. To
confirm whether the generated state has entanglement, the
coincidence counts are observed by rotating the angle of
POL2 while fixing the angle of POL1 at 0°, 45°, 90°, and
135° [see Fig. 4]. The estimated value S of 2.59 +0.08
indicates that the generated state is highly entangled in the
polarization, violating the CHSH inequality by more than 7
standard deviations.
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