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We demonstrate an efficient fiber-coupled source of nondegenerate polarization-entangled photons at 795
and 1609 nm using bidirectionally pumped parametric down-conversion in bulk periodically poled lithium
niobate. The single-mode source has an inferred bandwidth of 50 GHz and a spectral brightness of
300 pairs/ss GHz mWd of pump power that is suitable for narrowband applications such as entanglement
transfer from photonic to atomic qubits.
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I. INTRODUCTION

The demonstration of the Einstein-Podolsky-RosensEPRd
paradox is one of the most striking quantum effects observed
to date. It reveals how entanglement of a nonseparable state
produces nonlocal correlations that cannot be explained clas-
sically, as manifested in the violation of the Bell’s inequali-
ties f1g. Nonlocality is at the heart of a number of applica-
tions such as quantum cryptography and long-distance
teleportation, which require efficient distribution of entangle-
ment over long distances. Photonic qubits are more easily
transported over long distances than atomic qubits and, as a
result, distribution of entangled photons is an essential part
of a support infrastructure for quantum communications and
distributed quantum computation networks.

In this work we report on a source of polarization-
entangled photon pairs that is suitable for long-distance
quantum information processing. Entangled photons at 795
and 1609 nm are created by nondegenerate parametric down-
conversion with a spectral brightness that is sufficient for
loading and entangling narrowband Rb-based quantum
memories at 795 nm. The shorter-wavelength photon of this
source can be used to directly excite a trapped Rb atom in a
high-finesse cavity that serves as a local quantum memory.
The other photon at 1609 nm is suited for fiber-optic delivery
because it lies in the low-loss transmission window of optical
fibers s1500–1650 nmd.

In one proposed architecture for long-distance teleporta-
tion f2g, a local and a remote Rb quantum memory are
loaded using entangled photons. The stored atomic entangle-
ment is then used to teleport an unknown atomic state from
one location to the otherf3g. Implicitly required for the ar-
chitecture are the efficient transport of entangled photons
over long distances and wavelength matching between the
entangled photons and the trapped atomic Rb. Because of
unavoidable losses through long optical fibers and the nar-
row bandwidth of atomic Rb of tens of MHz, it is essential to
have a spectrally bright source of entangled photons at the
above mentioned wavelengths. Note, however, that the en-
tanglement of successfully delivered qubits is not degraded

in this schemef2g. For loading of the remote quantum
memory, the 1609-nm photon has to be upconverted to the
Rb wavelength at 795 nm with preservation of its polariza-
tion quantum state. 90%-efficient upconversionf4g has re-
cently been demonstrated at the single-photon level for a
fixed input polarization, and quantum-state preserving up-
conversionsfor an arbitrary polarization qubitd is expected to
have a similar conversion efficiency.

Typical down-conversion sources using beta barium bo-
rate sBBOd crystals f5–7g are not suitable for narrowband
applications such as quantum memory loading because of
their large bandwidths of 1–10 nm. These sources also have
relatively low flux, partly because of inefficient collection of
the output photons in their emission cone and partly because
of the small nonlinear coefficient of BBO. Down-conversion
in waveguide nonlinear crystalsf8,9g is much more efficient
but the outputs are still broadband and polarization entangle-
ment using these waveguide crystals has not been reported.

We have previously demonstrated a high-flux source of
nondegenerate photon pairs at 795 and 1609 nm in bulk pe-
riodically poled lithium niobatesPPLNd in a collinearly
propagating geometryf10g. In the present work we have im-
proved the source brightness to enter a regime suitable for
narrowband applications such as atomic excitation and we
have modified the apparatus for the generation of
polarization-entangled photon pairs. PPLN has an effective
nonlinear coefficient that is an order of magnitude larger than
that of BBO and it can be tailored to phase match at any set
of operating wavelengths within the transparency window of
the crystal. In addition, PPLN has a wide temperature tuning
range and is commercially available. Compared with more
conventional noncollinear configurationsf5–7g, collinear
propagation in noncritically angle phase-matched down-
conversion permits the use of a long crystal for more effi-
cient generation. Moreover, the beamlikesinstead of cone-
liked output can be collected and fiber-coupled more
efficiently for long-distance transport. This collinear geom-
etry has recently been utilized in a type-II phase-matched
periodically poled KTiOPO4 sPPKTPd down-converter to ef-
ficiently generate polarization-entangled photons at 795 nm
f11g. In a dual-pumping scheme with interferometric combi-
nation of the collinear type-II phase-matched PPKTP outputs
a tenfold increase in flux has been demonstratedf12g. This
dual-pumping method employs a single nonlinear crystal that
is driven coherently by two counterpropagating pumps and is
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suitable for nondegenerate operation with wavelength tuning.
For the current work, we have applied the dual-pumping

technique to the generation of highly nondegenerate
polarization-entangled photons using PPLN as the nonlinear
crystal. By coupling the output signal and idler photons into
their respective single-mode optical fibers, we obtain single-
spatial-mode photon pairs that are highly suited for spatial
mode matching and fiber-optic transport of the 1.6-mm light.
Single-mode fiber-optic delivery is particularly useful for ap-
plications such as the above-mentioned quantum-memory
loading of a trapped atom in a high-finesse optical cavity.
Fiber coupling of the outputs also allows one to select a
mode-matched portion of the spontaneously emitted output
field from the crystal in order to limit the spectral bandwidth
of the light. In our case, we have obtained a spectral band-
width of ,50 GHz which is less than the phase-matching
bandwidths,150 GHzd of our 2-cm-long PPLN crystal. We
have achieved a spectral brightness that is suitable for nar-
rowband wavelength-sensitive applications such as the pro-
posed long-distance teleportation protocolf2g.

In the next section we describe our dual-pumping genera-
tion scheme for the creation of polarization-entangled photon
pairs in PPLN. In Sec. III, the characteristics of the PPLN
source are presented when operated as a single-pass down-
converter. Finally, in Sec. IV we describe the performance of
the bidirectional pumping scheme and the violation of Bell’s
inequality as a measure of the purity of the polarization en-
tanglement, before we conclude in Sec. V.

II. GENERATION OF POLARIZATION ENTANGLEMENT

Spontaneous parametric down-conversionsSPDCd in a
nonlinear optical crystal is a standard technique for generat-
ing polarization-entangled photons. In SPDC, a pump photon
is converted into two lower-frequency photons, called signal
sSd and idler sId, that have definite polarizations. For ex-
ample, in a low-gain type-I phase-matched interaction, the
signal and idler photons are copolarized with an output state
safter ignoring the vacuum and higher-order modesd given by
uCl= u1lS·u1lI·, where • refers to horizontal polarization. In
this example,uCl is a separable state and there is no polar-
ization entanglement. It is clear that SPDC, by itself and
without additional arrangements, does not produce polariza-
tion entanglement in which each photon of the down-
converted pair appears to be randomly polarized and yet the
pair is polarization correlated.

It was proposedf13,14g and recently demonstratedf12g in
a type-II phase-matched system that polarization entangle-
ment can be readily obtained if the outputs from two coher-
ently driven identical down-converters are interferometri-
cally combined. A remarkable property of such a
bidirectionally pumped arrangement is that spatial, spectral,
or temporal filtering is no longer necessary for obtaining
high quality entanglementf12g. In our current experiment,
we explore a type-I phase-matched system in a similar bidi-
rectional pumping arrangement. Since PPLN is type-I phase-
matched the signal and idler outputs have the same polariza-
tion, and hence they can only be separated if the outputs are
very different in wavelength, using a dispersing prism or

dichroic mirror, for example. A configuration combining two
nondegenerate type-I phase-matched down-conversions in
PPLN is schematically shown in Fig. 1. The horizontally
polarized signal and idler fields in one directionspath 1d are
combined with the vertically polarized signal and idler fields
safter ap /2 polarization rotationd in the other directionspath
2d at the polarizing beam splitter. The signal and idler out-
puts are then separated at the dichroic mirror.

After the interferometric combination, the lowest-order
nonvacuum output is the biphoton state

uCl = au1lS·u1lI·u0lS↑u0lI↑ + bu0lS·u0lI·u1lS↑u1lI↑

= auHlSuHlI + buVlSuVlI , s1d

where the complex coefficientsa and b represent the field
strengths for the two down-converters and↑ indicates verti-
cal polarization. For a fiber-coupled implementation of Fig.
1, uau2subu2=1−uau2d is proportional to the overall efficiency
for pair generation in path 1s2d direction, and subsequent
propagation and coupling into the signal and idler fibers. The
phase ofa sbd is the sum of the phases of the horizontally
sverticallyd polarized signal and idler fields along their paths
from the crystal to the dichroic mirror. Note that the common
path for the signal and idler fields after the polarizing beam
splitter adds a common phase toa and b, which yields an
inconsequential overall phase for the stateuCl. In Eq.s1d, we
have simplified the notation by not displaying the vacuum
modes and by replacingu1l· and u1l↑ with uHl and uVl, re-
spectively. Implicit in Eq.s1d is that the signal and idler
photons have different wavelengths that allow them to be
easily separated and individually manipulated. A key charac-
teristic of this dual-pump configuration is that, with a proper
choice of polarization basis, phases, and relative pumping
strengths, one can in principle obtain any one of the four Bell
states, independent of propagation or coupling losses. For
instance, witha=−b=1/Î2 and a 90° rotation of the idler
state, the singlet stateuC−l=afuHlSuVlI − uVlSuHlIg is ob-
tained.

III. SINGLE-PASS DOWN-CONVERSION

Figure 2 shows a schematic of our experimental setup for
implementing the polarization entanglement source with two

FIG. 1. Schematic view of two coherently driven and combined
PPLN down-converters. Horizontalsverticald polarization is de-
noted by• s↑d. HWP, half-wave plate; PBS, polarizing beam split-
ter; DM, dichroic mirror.
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identical down-converters. By using two counterpropagating
pump beams to coherently drive a single PPLN crystal, the
two down-converters can be made to be nearly identical
slimited by the crystal grating uniformityd. We first describe
and characterize our PPLN down-converter in single-pass
operation with only one pump before detailing the coherent
combining technique in the next section.

We employed a 2-cm long and 0.5-mm thick PPLN crys-
tal with a grating period of 21.6mm as the nonlinear me-
dium. We previously fabricated the crystal for type-I third-
order quasi-phase-matched SPDC to generate tunable signal
and idler photons centered at,0.8 and,1.6 mm, respec-
tively, from a continuous-wavescwd pump at 532 nmf10g.
The crystal was antireflection coated at the pump, signal, and
idler wavelengths with reflectivities of,1%, ,1%, ,8%
per surface, respectively. Using difference-frequency genera-
tion sDFGd we observed a phase-matching bandwidth of
,150 GHz at a fixed pump wavelength and a fixed crystal
temperature. By varying the crystal temperature, we were
able to tune the outputs over tens of nm, with a tuning coef-
ficient of ,150 GHz/ °C. For outputs at 795 and 1609 nm,
we operated the PPLN crystal at 176±0.1 °C. From the DFG
results we estimate the effective third-order nonlinear coef-
ficient to be 3.8 pm/V, which is less than expected due to
grating imperfections and mode mismatch in the DFG mea-
surements.

The PPLN down-conversion source, including the fiber-
coupled pump input and the output fiber couplers, was set up
on a 38374 cm2 breadboard for improved mechanical sta-
bility and portability. The 532-nm pump was derived from a
cw frequency-doubled Nd:YVO4 laser sCoherent Verdi-8d

with a maximum output power of 8 W. We coupled a small
fraction of the laser power into a single-mode polarization
maintaining fiber which delivered the pump light to the
PPLN source. This pump fiber exhibited slight multimode
behavior and the output was mode cleaned with a pinhole
and then focused into the center of the crystal with a beam
waist of 90mm. Typical pump powers incident upon the
crystal were 1 mW; however, the crystal could easily be
pumped by a few hundred mW of cw power without damage.

The dichroic curved mirrors DM1shighly reflecting at 0.8
and 1.6mm and highly transmitting at 532 nmd in Fig. 2
served to focus the pump light into the crystal at the entrance
and to remove the pump beam from the down-converted out-
put at the exit. The DM1 mirror at the exit was also used to
refocus the diverging down-converted output light. The
down-converted light was spectrally separated into signal
and idler beams with a dispersing prism which also steered
the residual pump light away from the signal and idler paths.
Signal and idler beams could then be individually manipu-
lated before being coupled into their respective single-mode
optical fibers for transport or photon counting detection.

First we investigated the spontaneous emission character-
istics of the bulk PPLN crystal. We passed the signal output
through a 1-nm interference filtersIFd centered at 795 nm
and imaged the output onto a high-resolution charged-
coupled device sCCDd camera sPrinceton Instruments
VersArray: 1300Bd with a detection sensitivity of a few pho-
tons. Figure 3 shows the evolution of the 795-nm output as a
function of the crystal temperature from a conelike pattern,
as in noncollinear SPDC, to a beam-like output, as in a col-
linear geometry. Figure 3sad shows a typical ring pattern of
the observed signal output emerging from the crystal. The
ring diameter is directly related to the internal emission angle
at which the output at the 795-nm wavelength was phase
matched. By varying the crystal temperature the phase-
matching angle for 795-nm emission was modified as shown
in Figs. 3sad–3scd. In Fig. 3scd the output was collinear with
a phase matching temperatureT=183.6 °C.

We measured the ring diameters and hence the phase-
matching angles of the 795-nm PPLN emission as a function
of the crystal temperature. At each temperatureT we ob-
tained the corresponding collinearly phase-matched signal
wavelengthlCPMsTd by DFG phase-matching measurements.
Figure 4 shows the measured emission anglesusTd relative to
lCPMsTd, and compares them with the computed phase-
matching angles obtained from the Sellmeier equationsf15g
for noncollinearly phase-matched PPLN. The excellent
agreement between the experimentally observed signal emis-
sion angles and the theoretical values that we obtain without
free parameters allows us to infer the mode characteristics of

FIG. 2. Schematic of experimental setup used for single-pass
and dual-pumped down-conversion. DM, dichroic mirror; HWP,
half-wave plate; PBS, polarizing beam splitter; PZT, piezoelectric
transducer.

FIG. 3. Far-field CCD camera images of
spontaneously down-converted light through a
1-nm interference filter centered at 795 nm.
PPLN temperatures weresad 177.6 °C, sbd
180.6 °C, andscd 183.6 °C. The 795-nm light
was phase-matched at different angles as a func-
tion of temperature. Fringing is due to camera
etalon effects.
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the idler output beam. In particular, because of the signal-
idler wavelength difference, the 1.6-mm idler emission angle
is twice the 0.8-mm signal angle, and the idler bandwidth in
nm is four times as large as the corresponding signal band-
width of the signal-idler pair emission.

The CCD camera was used to measure the emitted signal
power within the 1-nm IF bandwidth. We integrated the pixel
output voltages spatially over the ring structure and sub-
tracted the backgroundsobtained without input lightd from it.
The 795-nm signal power was measured as a function of
crystal temperature within a 1-nm bandwidth. In Fig. 5 we
plot the power versus the wavelengthlCPMsTd, at which col-
linear phase matching was achieved at temperatureT. Below
lCPM<794 nm, the 795-nm output was not phase-matched
and the emission vanished. BeyondlCPM=795 nm, the out-
put power remains more or less constant, indicating that the

integrated power was only weakly dependent on the phase-
matching temperaturessand emission anglesd.

Next we optimized the coupling efficiency of the photon
pairs into single-mode fibers by utilizing the mode structure
information. In particular, we found that PPLN temperature
tuning was a useful tool to vary slightly the down-converted
beam parameters without affecting the down-conversion ef-
ficiency. We measured the fiber coupling efficiencies at three
different 795-nm IF bandwidths of 0.11, 1, and 3 nm for the
signal photons. The PPLN temperature was nominally set for
collinear phase matching atlCPM=795 nm and aspheric
lenses of various focal lengths were used at each IF band-
width setting. The signal photon flux before the signal fiber
was measured with a high-sensitivity Si photodiode under
strong pumping. For measuring the flux after the single-
mode fiber we reduced the pump power and used a Si single-
photon counting modulesSPCMd. After accounting for vari-
ous losses and adjusting for the different pumping levels and
different detection efficiencies for the photodiode and the
single-photon counter, the best fiber coupling efficiency of
18% for the signal beam was obtained using the 0.11-nm IF.
In contrast, with the 3 nm IF the coupling was at least an
order of magnitude less efficient due to the much larger an-
gular bandwidth of the output signal photons.

For a 3-nm bandwidth, we infer from the measurements a
pair generation rate of 23107/ ss mWd of pump power at the
output of the crystal. The single-mode fiber-coupled signal
rate scorrected for detector efficiencyd was 5.1
3104/ ss mWd of pump power within the same 3-nm spectral
bandwidth. This rate was reduced from that at the crystal
because of propagation and fiber coupling losses.

We then studied the conditional detection probabilities by
making signal-idler coincidence measurements, as shown in
the schematic setup of Fig. 2. The 800-nm signal fiber was
connected to a fiber-coupled Si SPCMsPerkinElmer AQR-
13-FCd which produced a timing trigger upon detection of an
incoming signal photon. A time-delay pulse generator then
produced a bias gating pulse of 7–20 ns duration which was
sent to a Peltier-cooled passively-quenched InGaAs ava-
lanche photodiodesAPDd operating in Geiger mode for the
detection of the conjugate 1609-nm idler photon. The design
and properties of our homemade InGaAs APD single-photon
counter have been described elsewheref10g. The main char-
acteristics of this InGaAs single-photon counter are a dark
count probability of 0.1% per 20-ns gate and a quantum ef-
ficiency of 19.8% at a detector temperature of −50 °C. The
generated electrical pulses from the detectors were then re-
corded by a computer and their timing information was used
to identify firings of the Si and InGaAs counters correspond-
ing to pair coincidences. Typically we used a coincidence
window of 4 ns.

The conditional probability of detecting an idler photon,
given the detection of a signal photon, was 9.4% using the
narrowband 0.11-nm IF. In calculating this conditional prob-
ability we subtracted the background in the coincidence rate
due to accidental and dark countssprobability of ,0.04%d.
This background rate was measured by offsetting the start of
the gating pulse for the InGaAs counter by an amount greater
than the 4-ns coincidence window. Given the 19.8%-efficient
InGaAs counter, this implies,50% losses in idler propaga-

FIG. 4. Plot of external far-field PPLN emission angles, as mea-
sured by the ring diameters of CCD images along the crystal’sz
axis sopen circlesd and y axis sopen squaresd as a function of the
collinearly phase-matched wavelengthlCPMsTd, where T is the
PPLN crystal temperature. The solid and dashed lines are the theo-
retical emission angle curves corresponding to the crystal’sy andz
axes, respectively, obtained from the PPLN’s Sellmeier equations
with no adjustable parameters.

FIG. 5. Integrated power of output emission at 795 nm in a
1-nm bandwidth. PPLN crystal temperatureT was set for collinear
phase matching at the wavelengthlCPMsTd. The total output power
shows little dependence on the emission angles forlCPM

ù795 nm.
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tion, mode matching, and fiber coupling into the 1.6-mm
optical fiber, conditioned on signal photon detection. Single-
mode pair generation is best characterized by the rate of
photon pairs that are successfully coupled into their respec-
tive single-mode fibers, i.e., the detected rate corrected for
detector quantum efficiencies. In the case of the 0.11-nm IF,
we observed a signal-idler coincidence rate of 450/ss mWd,
from which we infer a single-mode fiber-coupled pair flux of
,4100/ss mWd before detection. Without an IF the condi-
tional probability decreased to 5.2% because additional spa-
tial modes were coupling into the signal fiber whose idler
counterparts could not be all coupled simultaneously into the
idler fiber in an efficient way. However, without using spec-
tral filters we note that there were many more signal photons
coupled into the signal fiberspartly because of the absence of
the propagation loss through the IFd and we measured a
single-mode fiber-coupled pair flux of 16 000/ss mWd before
detection in this case.

IV. POLARIZATION ENTANGLEMENT BY
BIDIRECTIONAL PUMPING

Coherent combination of two down-converters for the
generation of polarization entanglement shown schematically
in Fig. 1 was implemented with the setup of Fig. 2 which we
have described for the single-pass case in the previous sec-
tion. To ensure that the two down-converters were as identi-
cal as possible, a single PPLN crystal was pumped in
counter-propagating directions along the crystal’sx axis. The
fiber-coupled 532-nm pump light was split into two beams
with a 50-50 beam splitter. Each of the pump beams was
directed into the PPLN crystal as shown in Fig. 2 and the two
outputs followed nearly identical paths as described in the
previous section. In order to generate polarization entangle-
ment, the signal and idler fields of one of the down-
converters were rotated by 90° with half-wave plates
sHWPsd before combining with the output from the other
down-converter.

The spectral contents of the two down-converters were
identical by our use of a single crystal. However, spatial and
temporal mode matching were still necessary because there
were four path lengthsstwo for the signals and two for the
idlersd that must be properly adjusted for efficient generation
of polarization entanglement. When the two signal fields
were combined at the polarizing beam splittersPBSd, the two
spatial modes should be identical to avoid spatial-mode dis-
tinguishability, and similarly for the idler fields. This was
accomplished by making sure that the two pump foci inside
the crystal were the same in size and location, and the two
signal and two idler path lengths were the same. The toler-
ance of the path length differencesa few mmd was dictated
by the confocal parameters at the location of the PBS. Note
that this mode overlap facilitated equal coupling to the re-
spective signal and idler fibers, where the fields were pro-
jected into a single spatial mode. A more stringent require-
ment is temporal indistinguishability. That is, the path length
difference between the two combining signal fields should be
the same as that between the two idler fields within the co-
herence length of the photons, which was determined by the

bandwidths of the phase matching, the IF, and the fiber cou-
pling.

The photon bandwidth can be easily determined in a
Hong-Ou-MandelsHOMd interferometric measurement for
degenerate signal and idler wavelengths. For nondegenerate
wavelengths two-photon quantum interference visibility can
be similarly utilized to measure the photon bandwidth. Quan-
tum interference is also the basis for demonstrating Bell’s
inequality in the Clauser-Horne-Shimony-HoltsCHSHd form
f1g that yields a measure of the quality of polarization en-
tanglement.

The biphoton output state of the bidirectionally pumped
down-converter, for equal pump power in both directions, is

uCl = suHlSuVlI − eifuVlSuHlId/Î2, s2d

wheref is the relative phase that is a function of the phase
difference between the two pumpsshence coherent pumping
is requiredd, and the signal and idler phases acquired along
the four path lengths. In the experiment, we controlledf by
a mirror mounted on a piezoelectric transducersPZTd in one
of the idler paths, as shown in Fig. 2. We note that the output
state is a singlet polarization-entangled state forf=0.

For quantum interference observation and analysis, we
installed polarization analyzerssa HWP followed by a
horizontally-transmitting PBSd at the entrances to the signal
and idler single-mode optical fibers. The two analyzers were
initially set parallel and oriented to transmit an equal amount
of light from the two pumping directionssequivalent to
transmission at 45° relative to the horizontal polarizationd.
All angles of our analyzers were measured with respect to
this initial orientation.

We first demonstrated the generation of different two-
photon states by varying the PZT mirror position, as mani-
fested in the two-photon quantum interference. With the idler
analyzer set orthogonal to the signal analyzer, the PZT was
swept and the two-photon output state went through the sin-
glet state atf=0 and the triplet state atf=p. We observed a
sinusoidal modulation in the coincidence detection rate as a
function of the PZT sweep, as shown in Fig. 6. Atf=0, the
singlet-state output is obtained which is invariant under co-
ordinate rotation and signal and idler are always orthogo-
nally polarized. Hence, a maximum in the coincidence rate

FIG. 6. Two-photon quantum interference from the bidirection-
ally pumped down-converter, showing the detected coincidence rate
as a function of the PZT mirror sweep with crossed analyzers. The
PZT changes the relative phasef of the output state of Eq.s2d,
yielding a maximum rate forf=0 ssingletd and a minimum rate for
f=p stripletd. See text for experimental details.

EFFICIENT AND SPECTRALLY BRIGHT SOURCE OF… PHYSICAL REVIEW A 71, 033805s2005d

033805-5



was obtained forf=0. At f=p, the output state was trans-
formed into a triplet state with parallel polarizations for sig-
nal and idler, thus yielding a minimum in the coincidence
rate, as displayed in Fig. 6. For non-entangled photon pairs,
the sweep would not produce any modulation in the coinci-
dence rate, which would lie midway between the maximum
and minimum values. We obtain a quantum-interference vis-
ibility of ,93% if dark counts and accidentals are subtracted
sgrey line in Fig. 6d. The quantum interference coincidence
measurements in Fig. 6 were made with,80 mW of total
pump power and the data were taken with the 0.11-nm IF.
The interferometric setup was very stable such that no lock-
ing was required. The observed free-running phase drift after
5 minutes was much less thanp /4. We used a high-speed
multichannel analyzersPicoQuant’s TimeHarp 200d for time-
resolved coincidence counting with an effective coincidence
window of 4 ns. As the PZT was slowly swept the comput-
erized data collection recorded the number of coincidences in
20-ms measurement time intervals. Note that the noise in
Fig. 6 is Poissonian if we consider that the data were
sampled in 20-ms time intervals. This initial set of measure-
ments permitted us to further optimize the quantum-
interference visibility and the coincidence rate.

Additional quantum interference measurements with the
0.11-nm IF were carried out and are shown in Fig. 7. In Fig.
7sad the coincidence counts are plotted for the singletsopen
diamondd and tripletssolid circled states as a function of the
idler analyzer angleuI when the signal analyzer angleuS was
set to equally transmit light from both of the down-
converterssuS=0d. Here we obtain quantum-interference vis-
ibility of 94% for the singlet and triplet in Fig. 7sad. In Fig.
7sbd a similar plot of the coincidence counts is made with the
signal analyzer transmitting signal photons from the lower

sopen circled and upperssolid diamondd pumping beams
sFig. 2d, with uS=p /4 and −p /4, respectively. By setting the
signal analyzeruS to pass the signal photons of just one of
the down-converters, we were simply measuring the pair
generation rate as a function ofuI. For the data in Fig. 7sbd,
we obtained a higher visibility of 99.8% for the horizontal
suS=−p /4d and 98% for the verticalsuS=p /4d orientation of
the signal analyzer. We believe that the visibilities in Fig.
7sad were not limited by spatial mode mismatch, temporal
mismatch, or a rate imbalance of the two down-converters
because the interfering signal fields shared the single mode
of the fiber and temporal overlap and rate balance were ad-
justed accurately. Therefore we conclude that a spectral dis-
tinguishability between the two down-converters is the most
likely reason, caused by either a difference in the spectra of
the fiber-coupled signals and idlers or the crystal nonunifor-
mity along its length.

We have used the quantum interference signature to mea-
sure the photon bandwidth of the fiber-coupled photon pair
in the absence of an IF. By translating the mirrorM1 over a
distance of a few mm in fine steps, we monitored the inter-
ference visibility as a function of distance. If the two or-
thogonal idler fields do not overlap in time, relative to the
time difference of the two orthogonal signal fields, then the
two-photon quantum interference disappears. We observed
that the full distance at half of the peak visibility was
3.4 mm, or,11 ps in time. If we assume that the fiber cou-
pling acts as a Gaussian filter, then the corresponding fiber-
coupled photon pulse width is 8.8 ps, or 50 GHz in spectral
bandwidth. This narrow bandwidth was obtained for a par-
ticular mode matching configuration which efficiently
coupled only the light of this small bandwidth. This is a
manifestation of the high degree of spatial and spectral cor-
relation in the down-converted output. We have also per-
formed a series of quantum interference measurements to
demonstrate the violation of Bell’s inequality in the CHSH
form f1g. We follow the standard procedure of measuring
coincidence rates at different polarization analyzer angles us-
ing the singlet state as the input. The drift of the dual-
pumped down-converter interferometer was found to be neg-
ligible as it did not degrade the interference over the
6-minute measurement time, which included manually set-
ting the analyzer angles. We measured anS parameter of
2.606±0.010 for a pump power of 2.2 mW per beam. The
results indicate a violation of 60 standard deviations over the
classical limit of 2. Perfect polarization entanglement would
have yielded maximum violation of the Bell’s inequality
with S=2Î2.

V. SUMMARY

We have demonstrated an efficient source of polarization-
entangled photons at highly nondegenerate wavelengths us-
ing bidirectional pumping of a single PPLN crystal followed
by coherent combination of the down-converted outputs. Our
source is fiber-coupled, widely tunable by tens of nm in
wavelength via temperature tuning of the PPLN crystal, and
takes advantage of a convenient, collinearly propagating ge-
ometry. Using third-order, type-I quasi-phase matching in a

FIG. 7. Plot of coincidence rate as a function of idler polariza-
tion analyzer angleuI, where atuI =0 the analyzer was set to couple
equal amounts of idler from the two down-converters.sad Signal
polarization analyzer was set atuS=0 spassing equal amounts of
signal light from the two down-convertersd for the singlet output
statef=0 sopen diamondd and the triplet output statef=p ssolid
circled. sbd uS= ±p /4 to pass the output from the single down-
converter pumped from belowsopen circled or abovessolid dia-
mondd. Below and above refers to pumping directions as indicated
in Fig. 2.
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2-cm long PPLN crystal, we have obtained a fiber-coupled
polarization-entangled pair flux of,16 000/ss mWd of
532-nm pump power in a bandwidth of 50 GHz. For a band-
width of 50 MHz, our source has a flux of,16/ss mWd.
This number can be scaled up by three orders of magnitude
using a first order gratingsfactor of 9 improvementd in PPLN
with a better quality grating duty cyclesfactor of 20%d, and
a higher pump power of 100 mW or more. These simple
improvements can be implemented without changing the ex-
perimental configuration and would yield a photonic source
of polarization entanglement suitable for entanglement trans-
fer to atoms via direct atomic excitations which have band-
widths of tens of MHz. The source could be used for testing
long-distance teleportation schemes, in which the entangle-
ment is stored in trapped-atom quantum memoriesf2g. The
bidirectional pumping configuration in our bulk PPLN sys-
tem can be applied to a PPLN waveguide down-converter,

thereby combining the significant efficiency improvement of
a waveguide configuration with the ease of generating polar-
ization entanglement. Furthermore, the collinear geometry is
suitable for implementing a cavity-enhanced parametric am-
plifier configurationf14g, which should yield polarization-
entangled photons that have bandwidths closely matching
those of atomic excitations. Our source therefore is useful for
a number of quantum information processing tasks such as
long-distance teleportation and quantum cryptography.
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