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Single-mode coupling efficiencies of type-II spontaneous parametric down-conversion:
Collinear, noncollinear, and beamlike phase matching
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We report a series of experimental studies on single-mode fiber coupling of entangled photon pairs in type-II
spontaneous parametric down-conversion. We experimentally compare the single-mode coupling efficiencies
for three different phase matching regimes of bulk type-II spontaneous parametric down-conversion: collinear,
noncollinear, and beamlike. Our experiment shows that the beamlike scheme provides the best single-mode

coupling efficiency.
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Entanglement is one of the most essential resources for
quantum information. In photonic quantum information re-
search, entangled photon states are most often generated via
the process of spontaneous parametric down-conversion
(SPDC), in which a higher energy pump photon is split into
a pair of lower energy photons in a noncentrosymmetric
crystal [1]. The photons involved in the SPDC process must
satisfy the phase matching condition, the energy conserva-
tion and the momentum conservation, which is often catego-
rized into two: type I and type II. In type-I SPDC, the down-
converted photon pairs have the same polarization [2,3] and
in type-II SPDC, they are orthogonally polarized [4].

Other significant differences between the type-I and
type-I1I SPDC are spectral and spatial emission properties of
the photons. For example, type-II SPDC has significantly
narrower single and joint spectra than those of type-I SPDC
[5,6]. Furthermore, unlike type-I SPDC which has a rather
simple ring-type transverse emission pattern due to the de-
generate nature of the polarization state of the photon pair,
type-1I SPDC emission forms two rings, one belonging to the
extraordinary ray and the other to the ordinary ray of the
crystal. Thus, type-II SPDC is known to be able to exhibit
three distinctive transverse emission patterns: collinear [7,8],
noncollinear [4], and beamlike [5,9,10].

Recently, there has been great interest in optimally cou-
pling entangled photons of SPDC into single-mode optical
fibers for quantum information applications. Experimentally,
huge improvement of the entangled-photon flux in a single-
mode optical fiber has been achieved using a relative simple
spatial mode mapping method [11-16]. Theoretically, recent
studies on type-I and type-II SPDC single-mode coupling
attempt to provide the coupling efficiency upper bounds for a
number of experimental conditions [17-19]. These analytical
predictions, however, have not been subject to extensive ex-
perimental tests so far mainly because experiments to date
have been mostly focused on maximizing the collection ef-
ficiency for noncollinear type-II SPDC to achieve a high-
efficiency fiber-coupled source of polarization entangled
photon pairs [11-14].

In this paper, we report a set of experimental studies on
single-mode coupling of entangled photon pairs of type-II
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SPDC. In particular, we explicitly compare the biphoton
single-mode coupling efficiencies of the entangled photon
pairs in type-II SPDC for the three phase matching condi-
tions: collinear, noncollinear, and beamlike. It is found that,
as theoretically discussed in Ref. [19], the collinear case in-
deed exhibits better biphoton single-mode coupling effi-
ciency than that of the noncollinear case. Furthermore, we
show experimentally that the beamlike type-II SPDC offers
the best biphoton single-mode coupling efficiency.

Let us first briefly discuss the emission properties of the
three phase matching conditions of type-II SPDC for the
conditions of our experiment. The pump laser was a 408 nm
cw diode laser (Coherent Cube) and the SPDC photons had
the central wavelength of 816 nm. A 2-mm- or a 4 mm-thick
B-BaB,0, (BBO) crystal was used as the SPDC medium.
For the collinear type-II SPDC, in which the pump laser and
the SPDC photon pair propagates together, the optic axis
angle (with respect to the pump laser) is calculated to be
41.5°. The tuning curve and the transverse emission pattern
of the collinear type-II SPDC calculated for a 2-mm-thick
BBO crystal is shown in Fig. 1(a). Here, we have assumed
that the optic axis of the crystal lies in the vertical plane and
the horizontal (6) and the vertical (6, ) angles are measured
from the pump beam. The 816 nm entangled photon
pair propagates collinearly with the pump beam at
(6,.0,)=(0,0).

Noncollinear type-II SPDC, in which the entangled pho-
ton pair propagates at different angles, can be achieved by
increasing the optic axis angle slightly. In the experiment, by
increasing the optic axis angle to 42.3°, we achieved noncol-
linear photon pair emission such that the angle between the
photon pair emission with respect to the pump beam is
(6,6,)=(%3.3°,0). Figure 1(b) shows the calculated tuning
curve and the transverse emission pattern of the noncollinear
type-II SPDC, which is often used to prepare polarization
entangled photon pairs [4,11-14].

Finally, 816 nm centered beamlike photon pair emission
in type-Il. SPDC can be accomplished by reducing the
optic axis angle to 40.6°. At this angle, the pair photons
are no longer emitted into two rings and the entangled (but
not in polarization) photon pair is emitted as two vertically
(in the optic axis plane) separated beams [9,10]. In our ex-
perimental condition, the pair photons are emitted at
(6,,6,)=(0, =3.3°) as shown in Fig. 1(c). Note the photons
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FIG. 1. (Color online) Calculated tuning curves (left column)
and transverse emission patterns (right column) of degenerate
(816 nm) type-II SPDC from a 2-mm-thick BBO crystal. (a) collin-
ear, (b) noncollinear, and (c) beamlike type-II SPDC.

are emitted in much broader ranges of angles in beamlike
type-II SPDC. In addition, the tuning curve in Fig. 1(c) sug-
gests that the emitted photons have spatially symmetric spec-
tra in beamlike type-II SPDC.

To experimentally compare the biphoton single-mode
coupling efficiencies for the three phase matching conditions
of type-II SPDC, we set up the experiment as follows. The
pump beam was focused at the BBO crystal using a lens with
f=300 mm [11]. The pump power was measured to be
40 mW before the BBO. For the collinear case, the experi-
mental schematic shown in Fig. 2(a) was used. The pump
beam was removed by using a pair of pump-reflecting mir-
rors (PM) (antireflection coated for SPDC) and the orthogo-
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nally polarized photon pair was separated spatially by using
a polarizing beam splitter (PBS). An objective lens OL
(Newport M-10X; 16.5 mm focal length, 7.5 mm clear aper-
ture, and 0.25 numerical aperture) was used to couple the
photon into a single-mode optical fiber (SMF) with the mode
field diameter (at 850 nm) of roughly 5 um and the numeri-
cal aperture of 0.13. The single-mode fiber has a cutoff
wavelength of 73030 nm. The other end of the single-
mode fibers are directly connected to single-photon detectors
D1 and D2 (Perkin-Elmer SPCM-AQ4C). The coincidence
events are measured with the 3 ns coincidence window. In-
terference filters (IFs) were placed in front of the objective
lenses and Fig. 2(c) shows the measured transmission curves
of the interference filters. (An Agilent 8453 UV/VIS spectro-
photometer was used for this measurement.) For the noncol-
linear and beamlike cases, the experimental schematic shown
in Fig. 2(b) was used and the BBO to OL distances are kept
the same. Note that, for the beamlike case, the pump polar-
ization and the BBO have to be rotated by 90° to keep the
coupling optics in the same horizontal plane.

The SPDC single-mode coupling was achieved by ini-
tially placing the objective lens at 520 mm from the BBO so
that the pump-mode (estimated to be 80 wm in diameter) at
the BBO was mapped to the single-mode fiber core
[11,14,19]. Further adjustments (transverse and longitudinal
positions and tilt) were then made to the single-mode fiber,
the objective lens, and the pump-focusing lens so as to maxi-
mize the coincidence count rate (R,) as well as the single-
detector count rates (R, and R,). We then record the biphoton
coupling efficiency defined as

n= RC./\’R]Rz.

The individual channel efficiencies #, and 7, for D1 and D2,
respectively, can be calculated by using the relation 7,
=R./R, and 7,=R./R; [20]. Keep in mind that 7, 7, and 7,
are the overall efficiencies, i.e., they include losses due to
interference filters, coupling optics, detector quantum effi-
ciency, etc.

The experiment to measure the biphoton single-mode
coupling efficiency were performed with a 2-mm-thick BBO
and a 4-mm-thick BBO. In each case, two interference filter
settings, 10 and 80 nm full width at half maximum
(FWHM), were used to measure the single-mode coupling
efficiency. The results of the single-mode coupling measure-
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FIG. 3. (Color online) Type-II SPDC biphoton single-mode cou-
pling efficiencies. (a) 2-mm-thick BBO. The maximum coincidence
count rates were ~20 kHz for both the collinear and the noncol-
linear schemes and ~32 kHz for the beamlike scheme. (b)
4-mm-thick BBO. The maximum coincidence rates were ~15 kHz
for both the collinear and noncollinear schemes and ~43 kHz for
the beamlike scheme.

ments are reported in Fig. 3. In Fig. 3(a), we report the
single-mode coupling efficiencies for a 2-mm thick BBO and
in Fig. 3(b), for a 4-mm-thick BBO.

As theoretically discussed in Refs. [14,19], the experi-
mental data in Fig. 3 shows the fact that a thinner crystal
offers better biphoton single-mode coupling efficiencies than
a thick one. The data also provide a few interesting new
experimental findings. First, as analyzed in Ref. [19], the
collinear case offers better biphoton single-mode coupling
than the noncollinear case. Second, the beamlike condition
offers the best biphoton single-mode coupling in type-II
SPDC, even though the actual transverse spatial distribution
is broader than those of the collinear and the noncollinear
cases, as shown in Fig. 1.

In our experiment, the highest biphoton single-mode cou-
pling efficiency achieved was =R,/ \e"m=24.2% for the
beamlike case, Fig. 3(a). Since # is the overall efficiency
which includes the losses in the optical path, it is important
to identify known sources of losses in the experimental setup
and they include the interference filters, the single-photon
detectors, and the single-mode fibers [21]. First, the loss due
to the interference filters were accurately characterized by
using a spectrophotometer and the results are shown in Fig.
2(c). Second, the loss at the single-photon detector is due to
less than unity detection efficiencies of the detectors and the
quantum efficiency of the detectors is found to be roughly
50% on average across the wavelength region of interest
[22]. Finally, the process of coupling SPDC photons into the
single-mode optical fiber inevitably introduces a large loss.
We used a He-Ne laser to measure the single-mode coupling
efficiency to be 61%. This number, however, should be taken
as a rough estimate only as there are uncertainties due to the
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fact that (i) the actual working wavelength is 816 nm while
the efficiency measurement was done at 633 nm and (ii) un-
like the He-Ne laser, the spatial profiles of the 408 nm diode
pump laser and the SPDC are not Gaussian shaped.

Recent studies assume a suitably focused Gaussian-
shaped pump laser beam at the BBO crystal when calculating
the optimal single-mode coupling conditions of SPDC
[11,12,17-19], but the diode laser used in our work provided
strongly elliptical spatial mode profile. As a result, the bipho-
ton single-mode coupling efficiencies achieved in this ex-
periment are consistently lower than the theoretically calcu-
lated values (after factoring-in known losses) reported in
Refs. [14,19] and experimental results reported in a few re-
cent works using the noncollinear scheme [11-13]. We, how-
ever, note that the aim of this work is to directly compare
single-mode coupling efficiencies of three phase matching
conditions of type-II SPDC in the same experimental condi-
tions, and we expect to observe significant improvement of
the biphoton coupling efficiencies if the pump mode can be
properly shaped into a Gaussian profile [11-14].

Another important factor which affects the biphoton cou-
pling efficiency 7 heavily is the quality of conjugate mode
selection. In the case of single-mode coupling, since we are
mapping the pump mode at the BBO to the cores of the
single-mode fibers by using objective lenses with large clear
aperture, the problem of conjugate mode selection is related
to the mismatch of the numerical apertures of the objective
lens and the single-mode fiber. For the data shown in Fig. 3,
the numerical apertures of the objective lens (X10) and the
single-mode fiber are, respectively, 0.25 and 0.13. In Fig. 4,
we show the efficiency measurement data for a 4-mm-thick
type-II BBO using the X20 objective lens (Newport M-20X;
9.0 mm focal length, 6.0 mm clear aperture, and 0.40 nu-
merical aperture). Clearly, increased mismatch of the nu-
merical apertures causes degradation of the biphoton single-
mode coupling efficiencies in all phase matching conditions
of type-II SPDC.

It is therefore reasonable to assume that further improve-
ment of the biphoton single-mode coupling efficiency is pos-
sible by reducing the numerical aperture of the objective lens
to match that of the single-mode fiber. However, this will
make the overall system size (BBO to the objective lens)
bigger, which could be less desirable in some cases. In addi-
tion, to match the dimension of the pump laser at the BBO
and the size of the core of the single-mode fiber, it will
require tighter focusing of the pump at the crystal. Tighter
focusing, however, is only reasonable if the pump laser is
Gaussian-shaped. Furthermore, it is known to cause undesir-
able spectral broadening and asymmetry in type-II SPDC
which in turn have the effect of reducing quantum correla-
tions in the polarization degrees of freedom [23]. Thus, op-
timization of the biphoton single-mode coupling efficiency in
type-II SPDC will require compromises based on which
physical effects are to be utilized in experiments.

In addition, it is not immediately clear whether the re-
duced efficiency of the single-mode coupling due to a non-
Gaussian shaped focused pump beam contributes equally to
the three type-II phase matching conditions. Since the trans-
verse mode profiles of SPDC are quite different for different
phase matching conditions, see Fig. 1, and the SPDC from
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FIG. 4. (Color online) Type-II SPDC biphoton single-mode cou-
pling efficiencies. The data are for a 4-mm-thick type-II BBO crys-
tal using X20 objective lenses. The maximum coincidence rates
were ~7.7 kHz for both the collinear and noncollinear schemes and
~11 kHz for the beamlike scheme.

focused pump shows asymmetrical transverse distribution
patterns [24], it is possible that the single-mode coupling
efficiencies of the three phase matching conditions are af-
fected differently by the non-Gaussian shaped pump. Further
theoretical studies would be needed to accurately quantify
such an effect.
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In summary, we have experimentally investigated the bi-
photon single-mode coupling efficiencies of the collinear,
noncollinear, and beamlike type-II SPDC under the same ex-
perimental conditions. We have found that, in agreement
with the theoretical predictions in Ref. [19], the collinear
case showed better coupling efficiency than that of the non-
collinear case. In addition, we have shown experimentally
that the beamlike case, among the three phase matching re-
gimes of type-II SPDC, indeed offers the best biphoton
single-mode coupling efficiency, although its transverse spa-
tial distribution is broader than those of the collinear and
noncollinear cases.
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