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Entangled-state generation with an intrinsically pure single-photon source
and a weak coherent source
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We report on the experimental generation of an entangled state with a spectrally pure heralded single-photon
state and a weak coherent state. Our source, which was as efficient as that reported in our previous report
[Phys. Rev. A 83, 031805 (2011)], was much brighter than those reported in earlier experiments using
similar configurations. This entanglement system is useful for quantum information protocols that require

indistinguishable photons from independent sources.
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I. INTRODUCTION

In many quantum information processing protocols, indis-
tinguishable photons from independent sources are employed
as the quantum bits (qubits) [1-3]. Quantum operations are
performed on them to realize the protocols physically. Since
such quantum operations are often implemented based on
quantum interference between photons, only when the photons
are highly indistinguishable can we achieve a high operation
fidelity. However, under current technologies, devising two
indistinguishable and independent single-photon sources is
still not an easy task. To prepare such sources, one can
choose two heralded single-photon sources from two spon-
taneous parametric down-conversion (SPDC) processes [4,5],
or combine one photon from an SPDC source and another
photon from a weak coherent source [6,7]. Generally speaking,
the coincidence count between independent sources of the
former scheme is lower than that of the latter scheme. For
example, the coincidence count between independent sources
in Refs. [4] and [5] was much smaller than that in Ref. [7]. In
Ref. [7], we have shown that high visibility can be achieved
in the interference by highly indistinguishable photons from
a coherent source and an intrinsically pure single-photon
source. In this paper we demonstrate the application of such
indistinguishable photons in entangled-state generation. We
also analyze the generated state, taking account of unwanted
higher-order photon states; this analysis is essential to entan-
gled photon sources that use a coherent source and a heralded
single-photon source.

II. METHOD

The schematic model is shown in Fig. 1. Here, the heralded,
pure single photon from SPDC has vertical (V) polarization,
while the LO photon has horizontal (H) polarization. Then the
two photons are combined at the beam splitter (BS). After the
BS, the two-photon polarization state is [8,9]
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where 1 and 2 denote the two output modes of the beam
splitter. If we select only the first two terms, by observing the
coincidence events only when the two photons split into the
two output ports, the resultant state is
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This is the maximally entangled Bell state [10].

The experimental setup is shown in Fig. 2. Femtosecond
laser pulses (temporal duration ~150 fs, center wavelength
830 nm, repetition rate f = 76 MHz) from the mode-locked
titanium sapphire laser (Coherent, Mira900) were frequency
doubled by an 0.8-mm-thick lithium triborate (LBO) crystal
and were used as the pump source for the SPDC. Pump
pulses with power of 60 mW passed through a 15-mm-long
potassium dihydrogen phosphate (KDP) crystal cut for type-II
(eoe, e=extraordinary ray, o=ordinary ray) degenerate phase
matching for the SPDC at 830 nm. The down-converted
photons, i.e., the signal (o-ray) and idler (e-ray), were separated
by a polarizing beam splitter (PBS). Then, idler photons were
coupled into a single-mode fiber, and signal photons were
coupled into a 50:50 single-mode fiber beam splitter (FBS)
(Thorlabs, FC830-50B-FC). Note that the polarization of the
signal photon was | V) in this configuration. Fundamental laser
pulses reflected from a beam sampler and highly attenuated
by neutral density filters were used as the LO photons. The
polarization of the LO photon was adjusted to be |H) or |V)
by a polarizer, a half-wave plate (HWP), and a quarter-wave
plate (QWP), so that the polarization of LO was either in
parallel or orthogonal to that of the signal photons at the FBS.
Since the polarization mode changes in the fiber, the output
photons from FBS were compensated by two sets of QWP and
HWP; then they were tested by two polarizers, consisting of an
HWP and a PBS. Finally, all the collected photons were sent
to three silicon avalanche photodiode (APD) detectors (Perkin
Elmer, SPCM-AQRH14) connected to a threefold coincidence
counter. In our typical experimental condition, the observed
single count rates (C;) of signal and idler photons were both
10 keps, and the coincidence count rate (C,) between the
signal and idler was 3 kcps. The count rate (C;) of LO photons
was 600 kcps, and the threefold coincidence count rate (C3)
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FIG. 1. Schematic model of the experiment. A pure heralded
single photon (V polarization) from SPDC is combined with a photon
(H polarization) from LO at the beam splitter (BS). Then their
polarization states are analyzed by two polarizers (6, and 6,). The
second idler photon from the SPDC is used as a heralder. Finally,
these photons are detected by three detectors (APD) and recorded by
a threefold coincidence counter (CC).

after the FBS was 6 cps. Note that C3 is expected to be
Cs3 ~ C2Ci/(2f) ~ 11 cps, showing reasonable agreement
with the observed value. Taking account of the total collection
efficiencies ( = 0.3 for signal and idler photons and ; = 0.37
for LO photons), which includes the fiber-coupling efficiency
and the detection efficiency, the mean photon numbers per
pulse were estimated to be u = C,/(nf) ~ 4.3 x 10~* for
signal and idler photons, and v = C;/(n; f) ~ 2.1 x 1072 for
LO photons.

III. RESULTS

We first carried out threefold Hong-Ou-Mandel (HOM)
interference [11] to test the indistinguishability between the
LO and the heralded signal. We set both LO and signal photons
in |V) and recorded the threefold coincidence counts as a
function of the optical path delay v between the signal and
the LO. Figure 3 shows the result of the threefold HOM
interference, which exhibits a clear HOM dip at t = 0 with a
visibility of 85.4 £ 0.3% and a FWHM of 50.7 um. From the
result, we confirm the high indistinguishability between LO
and the heralded signal.

Next, we demonstrate the violation of the Bell inequality
using this source. We set the signal and LO polarizations as | V')
and |H), respectively, and adjusted the optical path delay to
7 = 0. We carried out a polarization correlation measurement
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FIG. 2. (Color online) The experimental setup. BSP = beam
sampler, DM = dichroic mirror, SPF = short-wave pass filter,
LPF = long-wave pass filter, PBS = polarizing beam splitter,
SMF = single-mode fiber, FBS = fiber beam splitter, QWP = quarter
wave plate, HWP = half wave plate, MMF = multimode fiber,
Pol = polarizer, Attn = attenuator, APD = avalanche photodiodes,
CC = coincidence counter.
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FIG. 3. (Color online) Experimental result of threefold coinci-
dence counts as a function of the optical path delay, with a visibility
of 85.4 + 0.3% with no background subtraction.

by recording the coincidence counts while changing the angles
0; and 6, of polarizer 1 and polarizer 2, respectively. The
experimental results for some fixed values of 6,(6, = 0, 45°,
90°, and 135°) are shown in Fig. 4. As indicated in the
figure, we observed that the fringe visibilities were higher than
78.6%, which exceeded 71%, the bound required to violate the
Bell-CHSH (Clauser-Horne-Shimony-Holt) inequality [12].
We obtained the Bell parameter S, which directly indicated
the violation of the Bell inequality [13]. In this experiment, S
is given as

S = |E(61,62) + E(0},02) + E(61,6;) — E(0,0)], (3)
where E(60,60,) is given by
C(61,02) + C(6;,65) — C(6;",62) — C(61,67)
C(61,62) + C(6",65) + C(67,62) + C(61,65)
“)

where C(6;,6,) is the coincidence count for different po-
larization angles and GiJ- = 6; + 90°. The observed data to
obtain S is shown in Table I. The obtained value of S was
2.23 +0.03 > 2, which demonstrated a clear violation of Bell
inequality by more than 7 times the standard deviation. The
slight degradation of the S value (ideally S = 2+/2) might
have originated from incomplete compensation of the possible
polarization rotation in the fiber.
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FIG. 4. (Color online) Experimental result of threefold coinci-
dence counts as a function of polarizer 1 (6;) and polarizer 2 (6,).
The data have no background subtraction.
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TABLE . Coincidences counts C(6,,6,) as a function of different
angles of polarizers.

0\ 6, 45° 90° 135° 180°
22.5° 945 960 261 276
67.5° 910 234 319 998
112.5° 310 238 952 1020
157.5° 269 989 901 263

We also carried out state tomography [14] of our two-
photon polarization state. Polarizers 1 and 2 in Fig. 2 were
replaced by the combinations of HWP, QWP, and PBS to
allow polarization correlation analysis in not only linear but
also circular polarization bases. The density matriX Qexp,
reconstructed with a maximum likelihood estimation method
[14], is shown in Fig. 5. We see that the reconstructed density
matrix is close to the ideal one expected from Eq. (2):

[y )W = J(HV)(HV|+|VH)(VH|
+IHV(VH|+ |VHYHV]). (5

The small imbalance between |HV)(HV| and |VH)(V H|
was mainly attributable to the imbalance between the re-
flectance and transmittance of the FBS used. Small compo-
nents in the imaginary part of the matrix elements |H V )(V H|
and |VH)(HYV| indicate that the generated state underwent
a small phase change between |HV) and |V H) arising
from imperfect cancellation of the fiber birefringence. Also,
partial distinguishability between the signal and LO photons,
which was already observed as the imperfect visibility in
Fig. 3, degraded the coherence between |HV) and |V H) and
resulted in the slightly smaller values of the |HV) (V H| and
|V H) (HV|components. Nevertheless, the calculated value of
fidelity [15], F = (¥ *|pexp|¥ ), to the ideal Bell state | T)
was estimated as 0.88 £ 0.01. The corresponding concurrence
and entanglement of formation (EOF) [16] are 0.793 and
0.712, respectively. These values indicate that our obtained
state was highly entangled.

IV. DISCUSSION

Thus far, we have implicitly assumed that three single
photons, one in the signal mode, one in the idler mode, and
one in the LO mode, contribute to our measurement. This
assumption is valid only when the mean number of photons in

FIG. 5. (Color online) Real (left) and imaginary (right) parts of
the reconstructed density matrix.
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each mode is sufficiently low. However, in practice, we should
consider the effects of higher-order photon states [17,18]. The
state of the signal and idler photons emitted from the SPDC
can be expressed on the basis of photon number as

) = ag |00) 4+ ay [11) +az [22) + - - -, (6)

where |nn) = |n); ® |n); denotes the n-pair state containing
n photons in both signal and idler modes. The photon number
probability follows the geometric distribution given by |a, |> =
p(l — p)*, where p = 1/(1 + ) and pu is the mean photon
number in the signal (or idler) mode. For pu = 4.3 x 1074,
laol?, la1|?, and |a,|* are estimated as 0.99957, 4.3 x 1074,
and 1.8 x 1077, respectively. The two-pair component is 3
orders of magnitude lower than the single-pair component.
The weak coherent state of LO can be written as

la) = col0) +c1[1) +¢2[2) +-- -, (7

where |n) represents the n-photon state in the LO mode. The
photon number probability follows the Poisson distribution
given by |c,|> = e Vv"/n!, where v is the mean photon
number in the LO mode. For v = 2.1 x 1072, |co|?, |ci|*, and
lc2|> were estimated as 0.979, 2.1 x 1072, and 2.2 x 107%,
respectively. The two-photon component is 2 orders of mag-
nitude lower than the single-photon component. Therefore the
higher-order components are much smaller than the single-pair
or the single-photon component in both SPDC and LO, and
the interference between LO and the heralded signal can safely
be regarded as the interference between the two single-photon
states.

More specifically, the threefold coincidence events of our
signal can be mainly contributed to three combinations of the
states: [11) ® [1), [11) ® |2), and |22) ® |0), where |nn) and
|n) are the states in (6) and (7), respectively. Assuming that
the total collection efficiencies are n for the signal and idler
and n; for LO, the probabilities of the threefold coincidences
occurring at these three states are

Pi = laiPlen)*n?n, ®)
Pip = %|a1|2|c2|2nn12, )
Pro = $lazl*leol*(1 — 720, (10

respectively, where 7 = 1 — n. Note that the factors for the
polarization measurement are omitted from Eqgs. (8)—(10).
Only when Py is much larger than Pjj; and Py can the
|11) ® |1) state dominate the coincidence events, and thus our
signal can be what we expect. In our case, we estimate that
(P112 + Px0)/ P111 = 0.040, which confirms that the above
condition is fulfilled. The estimated fidelity F', assuming that
these higher-order terms are added to the ideal Bell state |y t),
is 0.96, which is much higher than what we observed (0.88).
Thus we conclude that the higher-order terms are not the major
origins for the degradation of fidelity (and entanglement) of
our state. The degradation is most likely caused by partial
distinguishability of the single-photon state we generated, as
indicated by its incomplete HOM interference (Fig. 3).

It is worth discussing the efficiency of our source in
comparison with that of the previous report that also used
independent photon sources to generate entangled photons
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[19]. In our experiment, we obtained the threefold coincidence
count rate of ~6 cps, which is approximately 60 times larger
than that previously reported [19]. Since our source eliminated
the use of narrow bandpass filters to make the signal and
LO photons indistinguishable, our source is in principle much
more efficient than those using bandpass filters. This is the
intrinsic advantage of our heralded single-photon source that
uses group-velocity matching to generate spectrally pure single
photons.

It is also worth comparing the efficiency of our system with
that of other systems that make use of a pair of heralded single-
photon sources generated by SPDC. In general, it is a difficult
task to increase the mean photon number generated by SPDC
up to the order of 0.1. Thus systems using a pair of SPDCs have
an intrinsic drawback in their generation efficiency, unless they
use wave-guided SPDC [20] or high-power lasers to increase
the SPDC efficiency. In addition, this scheme requires fourfold
coincidence events and thus the total collection efficiency is
proportional to n*, which again decreases the observed event
rate. For instance, in Refs. [4] and [5], the fourfold coincidence
rate was less than 0.3 cps. In our system, on the other hand, one
can easily optimize the mean photon number of LO, within
the range where the above-mentioned condition is satisfied.
We eventually obtained a much higher threefold event rate
(6 cps) than the previous fourfold ones. Also, the experimental
setup of our system is obviously much easier, since we only
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need one SPDC crystal. Thus our system has an advantage
in efficient generation of not only entangled photons but also
indistinguishable photons from independent sources.

V. CONCLUSION

In summary, we have demonstrated the generation of a
polarization-entangled state and violation of Bell inequality
with a spectrally pure, heralded single-photon source and a
weak coherent source. Our system for producing entangled
photons is much brighter than those reported in earlier
experiments that made use of a pair of heralded single-photon
sources. We have characterized the generated state using the
Bell inequality test and the state tomography. We have also
analyzed the state taking account of unwanted higher-order
photon states. These analyses indicate that the obtained state
was highly entangled with negligible contribution from the
higher-order state. This entanglement system will be useful for
quantum information protocols which require indistinguish-
able photons from independent sources.
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